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HIGH PRESSURE STUDIES OF THE 
SYSTEM Mg WITH SPECIAL 
REFERENCE TO THE OLIVINE-SPINEL TRANSITION* 
FRANK DACHILLE and RUSTUM ROY 


College of Mineral Industries, Pennsylvania State University, University Park 


ABSTRACT. The system MgsGeO,-MgeSiO, has been studied to the experimental] limits 
of available hydrothermal and uniaxial high pressure apparatuses. 

The inversion temperature for the MgeGeOsespinen-MgeGeOscoiiviney equilibrium is 
410°C. at atmospheric pressure. The AV of the inversion is 3.5 cc/mole; AH is 3690 
180 cal/mole, The inversion temperature is raised by 0.025°C/bar for the first 5500 bars. 
Infra-red absorption spectra, x-ray intensities and molar refractivities clearly show that 
MeoGeO, is an inverse spinel. 

Solid solution between MgsGeO, and MgeSiO, is complete in the olivine phase at 
temperatures above that of the inversion in MgeGeOQ,. The maximum silicate content of 
the spinel solid solutions at lower temperatures increases steadily with pressure, from 10 
mole percent at 700 bars to 50 mole percent at 60,000 bars at 542°C, Extrapolation places 
the spinel-olivine transition for MgeSiO, at 100,000 + 15,000 bars. The change in the lat- 
tice spacings of the spinel solid solutions of Mge(Ge.Si)O, shows that MgeSiOuspine » has 
a cell edge of 8.22A. Therefore the AV for this transition is 2.0 cc/mole, The pressure de- 
pendence of the transition in MgeSiQ, is estimated by extrapolation at 0.013°C/bar. 

Experiments show that substitution of Fe®* for Mg** markedly increases the maximum 

licate content of the spinel solid solution under corresponding p-t conditions. 

The geophysical implication of these results is that an olivine-spinel transition in the 
mantle of the earth does appear to be a reasonable explanation of the seismic and density 
liscontinuities starting at 400 km. 


INTRODUCTION 


In a paper presented to the Royal Astronomical Society Dr. H. Jeffreys 
1936) gave evidence of a discontinuity in the properties of the earth some 
hundreds of kilometers beneath the surface. He reported that at a depth of 
180 + 20 kilometers a change could be measured in the velocities of seismic 


waves, Specifically P-waves above this depth had a velocity of 9.08 km/sec, but 
below this depth the velocity was 9.8 km/sec. Calculations by K. E. Bullen 
(1936) for the density distribution in the earth also suggested a nearly dis- 
continuous change in density at a depth of 300-400 km. Since no known ma- 
terials could fit this data Dr. J. D. Bernal. in attendance at the meeting, was 
asked if it was likely that an olivine-like material could be conve.ted to a new 
state at great pressures. A direct quotation from Observatory (1936) will serve 
to present important crystal chemical concepts in the paraphrase of Dr. Bernal’s 
discussion: 

Dr. J, D. Bernal said at ordinary pressures olivine, which is magnesium ortho- 

silicate with part of the magnesium replaced by ferrous iron, is a hexagonal lattice 

of oxygen atoms in which the silicon and metals occupy the cavities, somewhat 


insymmetrically, It appeared possible that when the lattice was much compressed 
the cavities might become too small to hold the silicon atoms, and a different 


( ontribution No. 58 117, rhe De partme nt of Geophysic s and Geochemistry, The Penn- 
sylvania State University, University Park, Pennsylvania. 
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phase changes in silicates at pressures of the order of 10° atm and temperatures 
above 1,000°, 

Obviously a direct experimental attack on the problem of a transition in na- 
tural olivine was not possible with known and available techniques and ap- 
paratus, However, it was decided that a fruitful and feasible approach to the 
problem would he a study of the system Me GeO,-Me SiO,. with emphasis on 
solid solubility and on the polymorphic transitions of the olivine to the spinel 
type with a view to obtaining reliable data on the Mg.SiO, by extrapolation. 
lhe essence of the experimental approach and some results, including the ef- 
fect of the substitution of some Fe for Mg**+ were reported to the Geological 
Society of America, Minneapolis meeting (1956), Additional work concerned 
with some modification and calibration of high pressure apparatus was re- 
ported to the same group at the Atlantic City meeting (1957), and at the St. 
Louis meeting (1958) the results of work on the system Mg.GeO,—Me.SiO, at 


pressures up to 60 kilobars were presented, 


EXPERIMENTAL PROCEDURES 

Work was begun on the system Mg.,GeO,—Mg.SiO, using the hydrothermal 
techniques necessary to catalyze reaction in the solid state, Details of the basic 
ipparatus for these tee hniques are given by Roy and Tuttle (1956) and Roy 
ind Osborn (1952). The hydrothermal bombs may be used to provide desired 
ind controlled pressure and temperature conditions on prepared samples, The 
practical upper limits of pressure are 60,000-70,000 psi and of temperature 
900-1.000°C, but these limits are not coincident, The higher pressures lower 
onsiderably the usable temperature limits. 

{ second major piece of apparatus necessary in the investigations is the 
uniaxial pressure device in which pressures can be attained an order of mag- 
nitude greater than those feasible in the test tube bomb apparatus, Generally 
the unit is a modification by Tuttle and Harker in our laboratory on designs 
of Bridgman along the lines of Griggs and Kennedy (1956). 

\ description of equipment and procedures is given elsewhere (Dachille 
ind Roy, in press a). In this type of device a large thrust is developed by a 
hydraulic ram which is intensified and transmitted into a small sample by the 
use of very hard small piston faces. These pistons have been made of cemented 
carbides, polycrystalline alumina or mullite, or of special hardenable steels. 
Directed pressure, that is, total thrust divided by reduced area, may approach 
900,000 to 1,000,000 psi, but the effective coincident temperature limits fall 
very rapidly to about 600°C at these pressures, Pressure to the “jack” is sup- 
plied and automatically controlled by means of a Foxboro controller and 
Aminco oil pump. Temperatures are controlled by Honeywell millivoltmeter 
instruments. Many techniques for experiments at these pressures were worked 
out during this and allied studies with a view to studying reversible equilibria 
rather than only preparing phases. Thus in general we have made efforts to 
make runs from | day to 2 weeks long rather than several minutes to a few 
hours, It is perhaps accurate to say that no similar work has been described 
either with respect to range or detail other than that of MacDonald (1956). 
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In the course of the investigation starting compounds were prepared by 
the hydrothermal treatment or even dry fusion of the oxide mixtures, Com- 
pounds so prepared were then used to test a criterion of reversibility in transi- 
tions or to seek clear evidence of exsolution and change in solid solubility un- 
der various conditions of pressure and temperatures. 


RESULTS 


Data on the phases encountered.—In table 1 are recorded the character- 
istic x-ray diffraction data for the olivine and spinel polymorphs of Mg,GeQ,. 
Data for the olivine phase of Mg.SiO,, forsterite. are included to permit a 
direct comparison with the germanate isomorph. Further x-ray data are given 
in figures 1 and 2 to demonstrate the effect of replacing some of the ger- 
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splitting at pressures considerably below 100,000 psi. The information from 
these experiments 1s collected in table 2 


and the pressure-temperature depend- 
ency deduced therefrom is indicated in figure 3, From the slope of this line and 


he measured difference in volume of the two polymorphs at some selected tem- 


rature, it is possible to calculate from the Clapevron equation a change in 
enthalpy for the transition. The AH of transition obtained (olivine-spinel) is 
19.9 cal em or 3.690 cal/mole with an error of 
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TABLE 3 


Data for the system Mg.GeO,—Mg,SiO, with Fe substitution for Mg 
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these very small samples was not attempted in view of the problem of the added 


iron or contamination from the iron washers. 
DISCUSSION 


Effect of water.—All through the investigation water was used, and con- 
sidered, strictly as a catalytic agent. In a few runs. however, it did enter into 
the composition of the products with the formation of small amounts of ger- 
manium-bearing serpentines and tales together with either the olivine or the 
spinel phases. Since the main interest was in the phase relations of the olivine- 
spinel polymorphs conditions leading to the production of hydrous phases were 
avoided whenever possible. Hydrous phases appeared at temperatures below 
520-523° in the lower pressure studies, but also appeared at temperatures close 


to 542° at the higher pressures, The latter appearances are somewhat suspect 


because of the possibility of the hydrous phases forming while quenching the 
runs, but they cannot be dismissed without further systematic study, It is in- 
teresting to note that the stability of the serpentine appears to be affected so 
little by pressure changes from Roy and Roy’s value of 520°C at 1,000 atmos- 
pheres to nearly 60,000 atmospheres in this work, Evaluation of the catalytic 
effect of water in this system can be only qualitative because experiments were 
not set up to study rate phenomena, It has been pointed out that the Mg.GeO, 
spinel olivine rear tion was found to take place only above 1,.005°C in a dry 
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system by Roy and Ri 1954). Extrapolating the hydrothermally determined 


pressure-temperaturt dependency of the transition back to atmospheric pres- 


sure the present data would place the transition neat 810°C 
An empirical observation may be made concerning a measure of the 
italytic effect’ water in this reaction. The presence of water enables it to 
proceed at a rate that essentially complete conversion may be ac hieved at a 
temperature at le below the equivalent temperature in the absence of 
water. In this reaction ower limit is set by the stable equilibrium tempera- 
ture, In other cases su ie exsolution of Al.O, from spinel solid solutions 
catalytic effect t f temperature would be 400-500°C. An evalua- 
tion of the importance of water-catalysis in terms of time is gained from the 
following: A reaction ry oxides plus water will yield the spinel and 
forsterite phases it matter of a few hours in the uniaxial devices. In the total 
absence of water. two weeks reaction time alt 500.000 psi and 450°( failed to 
react the oxides. although the GeO. did go to the rutile form. Numerous obser- 
vations of this type were made on many reactions in the uniaxial devices which 
did not go to completion because of loss of added water due to splitting of the 
reaction capsule or to cracking of the piston surfaces, Thus it was observed 
that even at 880°C and 45,000 psi reaction which apparently had started the 
spinel phase growth of Mg.GeO, was interrupted after a few minutes by the 
cracking of a piston face with the presumable loss of water, The pressure and 
the high temperature were maintained on the sample at least 10 hours without 


obtaining complet reactior 


THE NATURI RESSURE IN UNIAXIAL DEVICES 


Many observations in tl ind related studies give support to the inter- 
pretation that the pressures ca ilated. or at least their effects, are very close 
to those ol hvydrostat c system { onsiderable work was done expressly to evalu- 
the nature of the pressure (Dachille, Shafer, Roy, in preparation) but only 

Field boundaries in the svstem Me.GeO,—Me.SiO, as determined in a 

hvdrostat ul ndly made for us by Dr. H. S. Yoder, at 550 
LO.000 ) bar “\ r pr agree with those de termined in the 


devices 


‘polymer” within 10 percent of the 42,000 


reproducibility were studied in the SiO 

the sample area-metal area ratios and by 

determining the p-t depende f this reaction in the 350-650° interval, This 
dependence was four to | itially the same as that reported by 
MacDonald who worked w sample system entirely omitting a containing 


The transitions in gp and Me.SiO,. The reality and reversibility 
the olivine spinel ransition (contrary to the assertion of Bertaut, 1954, 


1956) has been amply demonstrated and the equilibrium temperature at atmos 


pheric pressure it 810°C, In figure 3 the pressure-temperature dependence 


The forn he CS, 
re yrted ) 
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of the transition in Mg.GeQO, is shown, obtained as a composite of runs from 


hoth the hydrothermal and uniaxial pressure systems. The slope of this line is 


equivalent to the reciprocal of 24.6°C per kilobar with an uncertainty of 1.2°C 
per kilobar. A precise calculation of the AH of transition by use of the Clapey- 
ron equation requires thermal expansion (and compressibility ) data of both 


polymorphs at the inversion, The data are not available and therefore the AH 
has been calculated with the assumption that the volume difference at room 
temperature applies for the transition at one atmosphere and 810°C, The error 
in the value caused by neglecting the Aa term is unlikely to be more than | 
percent of the total AV term since thermal expansion coeflicients of similar 
materials are about 100 X 10 C. By far the largest error is involved in the 


graphical determination of the slope. 


The pressure-temperature dependence in the transition of the silicate end 
member is of geological interest but remains beyond direct experimental de- 
termination at present. An estimate may be made considering some aspects of 
the system Mg.GeO,—Meg.SiO,. In various oversimplified calculations the slope 
may be assumed to be the same as that of the germanate end member, There- 
fore in the Clapeyron equation dt/ dp TAV, AH an identity of dt/dp for the 
germanate and silicate end members requires that the AV/AH ratios are the 
same for the same absolute temperature. However, the isotherm of figure 8 
and the p-t-x of figure 9 suggest that at the pressures at which the transition 
in the silicate first appears possible the temperature is more than 2,000°C be- 
low that of the germanate member. If this difference were only 1,000°C the 
absolute temperatures of the transitions at 100 kilobars will be nearly 800°K 
and 1800°K for the silicate and germanate members respectively, The value of 
dt dp for the silicate will he correspondingly higher unless the A\ AH value 
increases in the proportion of 1800, 800. The AV of the silicate transition is 
only 56 percent of that found in the germanate. Therefore its AH value would 
have to be only about 25 percent that of the former, illustrating the danger of 
making simple assumptions, [his is in agreement with the work of Majumdar 
and Roy (1958) which shows there are no data to justify assuming equality or 
any simple relation between AH, AV, or dp dt even for analogous transitions 
between dimorphic substances. removing any justification that values from the 
Clapeyron equation can be extrapolated from one isotype to another, The ob- 
servation by Mason (1952) that the unit cell of spinel Al.MgO, was about 
9 percent smaller than the corresponding Mg.SiO, olivine unit encouraged the 
above assumptions, but it appears that in addition to the above objection an 
interesting detail of crystal structure intervenes, Later in the discussion it will 
be shown that the germanate spinel is of the inverse type with Get* in octa- 
hedral sites whereas in the silicate spinel Si‘* is probably in tetrahedral sites. 
However, in both olivine structures the 4*> cations are in tetrahedral sites. 
Pherefore, it is reasonable to expect that Ge** changing from 4 to 6 coordina- 
tion will produce a greater volume decrease than found in the silicate member 
where the coordination is unchanged. 


* The smaller unit cell of the AlsMgO, may mean that in this spinel the Al** is in fact 
in octahedral sites in agreement with neutron diffraction confirmation that AlyMeQ, is a 
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view of the serious limitations of extrapolation of the Clapeyron rela- 


tions an evaluation of dt dp of the silicate transition directly by graphical 


means may be more accurate. Isotherms at 600, 660 and 730°C for the spinel- 


Spi el olivine bour ia! trom the data and construc tion of the four isobaric 


sections are plotted on figure 10 on a logarithmic scale, The isotherm at 542° 
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lhe experimental work on the substitution of some Fe** in the system 
does no more than indicate that the spinel phase is stable to higher tempera- 
tures (or lower pressures) than in the iron free systems. The effect of fayalite 
solid solution on dt/dp cannot be determined from our data, but for substitu- 
tions up to 20 mol percent an assumption is made that it is the same as that of 
the magnesian member. From these data and the few runs on the Fe.SiO, com- 
position one can only confirm that which is easily guessed that the presence of 
Fe** in the olivine will lower the pressure necessary for its transition to a 
Spire l. 


Certain geophysical implications of the data—A consideration of the geo- 
physical aspects of the results is summarized in figure 11. On this figure are 


TURNER & VERHOOGEN 
P-T F EARTH 


= 
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Pressure, temperature and p-wave velocity relations for a portion of the 
h are superimposed possible p-t relations of MgoSiO,. 
shown for a portion of the earth 1) the variation of the P-wave velocity 2) the 
ressure-temperature relation of Turner and Verhoogen (1951) 3) the pres- 
sure-temperature relation of Daly (1943). The two p-t lines representing the 
mits of the uncertainty of the p-t dependence of the Mg.SiO, transition, have 
slopes of nearly 25 and 13°C per kilobar and are plotted passing through 542 
ind 100 kilobars (300 kilometers depth). 

An inspection of figure 11 shows that a transition of olivine to spinel could 
be the determining factor in the second order discontinuity just below 400 km 
depth. If the seismic discontinuity is accurately placed at 413 km depth and 
f the composition of the mantle is essentially forsterite with up to 10-20 mol 
percent fayalite, the main considerations then are the dt/dp of the transition 
ind the p-t curve of the earth. 

It is clear that using either of the widely divergent earth p-t curves, one 


in reconcile the seismic discontinuity “reasonably” with the transition. The 
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ra igreement 1s tall n the right order of magnitude since the ex 


periments conclusively le out r 1.000 kilobars as the transition pressure 


it say 1.000% The probiem to determine directly the p-t relation of the trans 


m for forsterite in order to 1 yw the uncertainty of the extrapolation mad 


remains urgent. Thes« ments will then permit a closer examinatio 
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frared ibsorption spectra 


MeoGeO olivine form 
Meo(Ge.Si)O, olivine form (10 mol% silicate) 
Meo(Ge.Si)O, olivine form (25 mol% silicate) 


Me.(GeSi)O, olivine form (47 mol% silicate) 


umplex solids one can use the main absorption frequencies in the infra-red 
region to indicate primary coordination changes of the cations. Naturally the 
present substances presented excellent examples for checking such ideas. 
Figures 12, 13, and 14 present the infra-red absorption patterns for some of 
the spinel and olivine structure solid solutions, The following deductions are 
pertinent: 
In Me.GeO, spinel all the Ge’ is in 6 en. (cf, Ge-O absorption in 
GeOs otz at 11.5 and in GeQs at 14.0). 


In both the olivine forms the Si and Ge ions appear lo be of two types with 
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ippreciably different 5 e-O}) distances. Indeed the patterns themselves 


suggest the high unil y possibility of an inverse olivine structure, 


Although this is not clearcut. the spinel solution towards the silicate mem 


ber appears to be changing from an inverse to a normal spinel. 


Unequivocal confirmation of the first deduction that Me.GeO, is an ir 
verse spinel has been obtained from the x-ray intensities. In 1956 Durif 
Varambon. Bertaut and Pauthenet came to precisely the opposite conclusion ot 


the basis of intensities measured from a very poorly crystallized sample, They 
calculated that a distinctive criterion to judge between the various spinel at 
rangcements is the ratios of the intensities of the 422 and 400 reflections, The 


following values were calculated 


I, 


i For Normal, 1.67; For Inverse, 6.6; For Random, 3.3 


ieir conclusion was based on their measurement of the intensity ratio as 1.7 
On examination of the ratio in random x-ray diffractometer mounts it was 
immediately noticed that the ratio was consistently very much higher than 1.7; 
ndeed it never fell below 3.8 for the germanate end member, and values as 

sh as 6.5 were found. Obviously it had not been possible to avoid all orienta- 
tion in the slide preparations although the crystal size was extremely small. 
Since the more likely cubic habit or cleavage would tend to increase the 400 


i is seen to approach if not equal 


n relation to 422 the true ratio 


the 6.6 figure for the inverse spi 
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With increasing Si*+ content there is a shift to lower values of the in- 
tensity ratios which suggests that as the Sit*+ takes more tetrahedral positions 
the structure approaches the normal spinel. 

Molar refractivity (Rm in ce/mole), table 4, affords another line of evi- 
dence on cation coordination, (Safford and Silverman, 1947; Roy, 1950; 
Dachille and Roy, in press b). The “measured” Rm of the olivine forms of 
Me.SiO, and Mg.GeO, are 15.87 and 18.33 respectively, and each value is 0.4 
less than the value calculated from the “ideal” values for component oxides. 
Similar small differences have been noted for binary and ternary compounds. 
In the olivines the Me ions are in VI, and the Si.Ge ions are in IV coordina- 
tion. The measured Rm for Mg.GeO, spinel (n 1.768) is 17.62. a value 
which is 1.09 less than that calculated for the normal spinel and 0.59 less than 
for the inverse. This latter value is comparable with the usual differences be- 
tween observed and calculated values and suggests an inverse spinel Mg.GeQ,. 
It can then be shown that the relative refractivity contribution of GeO, in the 
inverse spinel is about 14 percent less than that in a normal spinel, which dif- 
ference is close to that found between the rutile and quartz forms of GeOp. 

TABLE 4 
Molar Refractivities, Rm 
stance Measured Calculated Difference 
SiO olivine 87 16.27 40 
GeO, ylivine 8.3: 18.71 38 


nel 7.62 18.21 59 
gaGeO, normal spine (.62 18.71 1.09 


Values used for oxides (see Refs. cited for cation coordination) 


Coordination 
MgO 
SiO, 
GeQ, 
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STABILITY RELATIONS OF GROSSULARITE 
AND HYDROGROSSULARITE 
AT HIGH TEMPERATURES AND PRESSURES* 
CARL W. F. T. PISTORIUS** and GEORGE C, KENNEDY 
Institute of Geophysics, University of California, Los Angeles 


ABSTRACT The equilibrium relations between hydrogrossularite + quartz and anorthite 
te water have been determined to 15500 bars and 810°C by means of the 


wollaston 


r” high-pressure apparatus, There is a continuous solid-solution series from 
ALO,g-3Si0.. through hvydrogrossularite to hibschite, 3CaO-Al.Os- 
Phe composition of hydrogrossularite, above 500°C and in equilibrium with 
termined almost entirely by temperature, Grossularite is stable above 780° 

ihars H.O pressure in the presence of quartz 


INTRODUCTION 

Pure grossularite garnet, 3CaO-Al.O.-3Si0.. is a very rare mineral in 
metamorphic rocks though members of the series grossularite-andradite are 
common, where some ferric iron replaces the aluminum, At modest tempera- 
tures and pressures in a hydrothermal environment hydrogarnets form (Yoder, 
1950; Flint. MeMurdie and Wells, 1941). Yoder succeeded in preparing hy- 
drogrossularites of variable composition in hydrothermal experiments between 
150°C and 750°C at pressures below 2000 bars. He failed to synthesize the dry 
end-member. grossularite, in the presence of water, and concluded that it could 
not exist in the presence of water at elevated temperatures, Later Coes (1954) 
synthesized grossularite at 600°C to 800°C and 15.000 bars. Yoder (1954) 
also prepared grossularite in the range below 750°C, 2000 bars and 1025°C, 
10,000 bars, Unfortunately no further particulars are available. 

Most naturally occurring hydrogrossularites form in metagabbros or in 
other rocks where silica is not present as a free phase. It seemed possible then 


that Yoder’s earlier failure (1950) to synthesize the pure end-member, grossu- 


larite. was due to loss of silica to water vapor during the course of his hydro- 
thermal run. This. indeed. was sugeested by Yoder (1950) in his discussion 


of the results of his experiment. Fyfe and Turner (1958) found, however, that 


“if excess silica is present, grossularite will not form at low pressures between 
150°C and 7OO°C, but that instead anorthite and wollastonite are the stable 
phases. 

[he present investigation was undertaken in the hope of clearing up some 
of these problems. 

EXPERIMENTAL DETAILS 

The majority of the experiments were carried out in the “simple squeezer” 
high-pressure apparatus designed by Griggs and Kennedy (1956). The con- 
fining pressure was produced by pressing two sintered carbide pistons together. 
The piston faces that come in contact had a diameter of approximately 6 mm. 
The finely ground sample, encapsulated in platinum foil was placed between 
the piston faces, The pistons were pressed together by a commercial 20-ton 
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hydraulic jack, supported by a framework of plates and tie rods, The sample 
was heated by an external furnace enclosing the sample and pistons. Tempera- 
ture was measured by a chromel-alumel thermocouple placed in a hole in the 
top piston in such a way that the tip of the thermocouple was approximately 
a quarter of an inch from the sample. The difference between temperature at 


sample position and temperature at the thermocouple junction was independent- 


ly determined by calibration runs. Temperatures are believed to be accurate to 


Sintered chromium carbide pistons in Blackalloy piston holders were used. 


pressure was determined from the force applied to the pistons, assuming 
that the sample is approximately under hydrostatic pressure, The pressure, 
measured in this way, under favorable circumstances is accurate to approxi- 
mately 5 percent 
The starting lal il the majority of the runs was a finely ground 
mixture of Allied Co. Reagent grade silicic acid, SiO.-nH.O, Baker’s analyzed 
aluminum hydroxide and Baker's analyzed calcium oxide, with a 40 percent 
excess of silicic acid over stoichiometric proportions of a 1:1 grossularite- 
quartz mixture. The calcium oxide contained less than 0.04 percent iron, No 
great care was taken in weighing out the calcium oxide, for the presence of a 
little excess calcium along with a good deal of excess silica only meant that a 
little wollastonite was present in the runs on the grossularite side of the bound- 
ary. and the position of th voundary was not infleunced, The produc ts were 
ide ntified by comparing ray patterns obtained ona Norelco high angle dif- 
fractomete1 
The samples were m ip of the powder and mixed with distilled water 
to form a paste However, the p e or absence of added water did not af- 
fect the position of the rium curve or the reaction rate, Apparently the 
silicic acid yields a ent a yunt of water on heating for the reaction to 
proceed normally 
le pressure was first raised to the desired value and this sample then 
heated. This ensured that little water was lost, and that, consequently, the watet 
vapor pressure Ww r il to the total pressure (Kennedy. 1959). The time re- 
quired to bring imple to the desired temperature ranged from 15 to 40 
minutes, Only a fey conds were required to bring the sample to pressure. 
After the samp d | eld at the required temperature and pressure for 
ximately o | hour. the sample was quenched in an air jet. lempet i- 
200°C in 3 to 4 minutes. 
with the piston anvil device has shown that the 
this apparatus is many times the rate in 
eal Presumably the strain energy stored in the 
ressure promotes very rapid recrystallization, The ini- 
he piston anvil device is exceedingly high, However, after 
the sample has b to pressures and temperatures for approximately a half 
hour, the reaction rate is decreased so markedly that leanger times make little 
difference It has | n ol perience In this device that runs of one half hour 
or several days give ily the same results, In this particular system a few 
runs of 24 hours du on were made, The results of these were identical with 
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the runs of half hour duration. It must be emphasized that this is not true with 
conventional hydrothermal gear. 
RESULTS 

The boundary between grossularite-hydrogrossularite quartz and 
inorthite +- wollastonite first studied by Fyfe and Turner (1958) has been 
worked out in considerable detail by us. Anorthite and wollastonite are stable 
m the low-pressure and high-temperature side of the boundary, while grossu- 
larite or hydrogrossularite and quartz are the stable phases at high pressure 


and low temperature, The end-member reaction is given by 
ALO.-38i0. + SiO. CaO- Al.O,:2Si0. + 2 CaO-SiO 
erossularite quartz anorthite 2 wollastonite 


Phe results of 85 runs are summarized in table 1, This table lists the tem- 
peratures and pressures of the experiments, the starting materials, and the 
products. Quartz and small amounts of wollastonite were present among the 
products of all runs, and therefore these two products are not listed in table 1. 
Presumably wollastonite was formed directly from calcium oxide and silica, 
even though the run was not in the anorthite-wollastonite field. Further, a little 


Xi calcium oxide was probably present. All runs were made at 500°C or 


ess 
higher te mperatures, as reas tion rates were very slow at lower temperatures. 


Phe hour d iry curve, shown in heure l. has heen drawn on the basis of 


3Ca0 -Al,03- 3Si0, 


Grossularite * Quartz 


anorthite Wollastonite 


3C00 2Si0,-2H, 0 
3Ca0 22 Si02 H20 


OFH 


N r 
20 
at 
3 
oO 
10 
>. 
5 
500 600 700 800 900 1000 
T 
| ] G 1 te-hydrogrossularite relations at high t nperatures and water pres- 


is and Ceorge ( Kennedy 


Results 


Result of x-ray 
starting 


products materials 


examination ol 


Oxides H.O 


minor 
minor Gr 
minor Gr 
minor An 
minor An 
minor Gr 
Gr. 
minor G 
An. + Gr, 
Boehmite 
Gr 
minor \r 


minor An 
minor An 
An 
An (yr 
An (yr 


j 
Gr 
5 14 An (, 
Ar 
) An (, 
} \ 
639 
H39 Ly ) (, 
19 f ) An 
} AA 
} (, 
69 Ar 
of 1? 4 An (, 
fy 
" G 
No crv tallization Drv Ox te 
fr} 16.4 G Oxides HO 
60 ) (, 
Hvdroxides 
f Gr. Oxides 
) ) (sr. 
(, 
| 14 (, 
) | 
G minor At 
Ar Oxides HO 
(insullicr 
(, 
G Oxides HO 
G Oxides H.O 
(large exces 


Stability Relations of Grossularite and Hydrogrossularite 


Taste ontinued) 


Pres Unit-Cell 
sure of hydrogarnet Result of x-ray 
kb lime A examination of Starting 
Lkb mins. + O12 products materials 
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formed and runs in which no 
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erossularite, is 11.651 A (Skinner, 1956). 
The composition of hydrogrossularite at a given temperature is, as a first 


approximation, nearly independent of pressure, Thus, under the conditions of 


our experiments, composition of garnet and unit-cell size can be closely cor- 
related with temperature of formation, Variation of cell size as a function of 


temperature is shown in figure 2, The length of the vertical lines in figure 2 


hydrogrossularite, synthesized at various temperatures. 


show the estimated uncertainty in cell sizes determined from all runs within 
20° of the temperature plotted. 

The curve separating the fields of grossularite-hydrogrossularite plus 
quartz and anorthite plus wollastonite plus water is not a straight line in the 
p-t plane, but its slope decreases with higher temperatures, for the composition 
of the hydrogrossularites changes regularly with temperature. Above 780° all 
erossularites formed had a cell of approximately 11.850 A and were presumed 
to be pure dry end-members. The curve appears to be a straight line in this 
region within the limits of experimental error. 

Composition boundaries of the various hydrogrossularites, shown in figure 
1, have been plotted from the smoothed curve of figure 2 by use of Vegard’s 
law (Vegard, 1927) and by assuming that the value 12.0 A (Pabst, 1942) is 
correct for pure hibschite. There is no break in the smoothed curve of figure 2 
which corresponds to the hibschite composition, Thus the mineral hibschite 
exists only as an intermediate member of a solid-solution series, It forms, when 
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the water vapor pressure is above 6000 bars, in the presence of excess quartz, 
at 510 + 15° 

The unit-cell size of grossularite. obtained from the average of all runs 
above 780°C, is 11.852 A. This agrees well with the determination by Skinne1 
(1956) of the unit-cell of pure grossularite, 11.851 A. 

Belyankin and Petrov (1941) showed that when hibschite was heated at 
one itmosphere, a strong endothermic reaction occurred at 650°C, The effect 
is apparently not reversible and they suggest that the transition is “from the 
original crystalline phase into an amorphous phase”, Skinner (1956) pointed 


out that this reaction probably corresponds to a breakdown of hibschite, pre- 


sumably into amorphous components. and a loss of water. 

However, hibschite does not totally break down at the higher H.O pres 
sures ol our experimet! ts. bul ur dera es a reaction whi h may he represented 
as 


(SiO (H.O (m SiO 


(H.O) t 2(m m,) 


where m, and m I rs between 0 and 3, Hibschite and grossularite are 


repre sented by the specia ises \ rem equals 2 and 3. respe tively. 

All runs, with the ception of runs 91-94, were made in the piston-anvil 
device described by G1 s and Kennedy (1956). Runs 91-94 were made in a 
large bomb fitted with an internal furnace capable of pressures to 10 kilobars. 
The pressure medium was argon gas and samples were sealed in small platinum 
envelopes. Runs 91 and 93 were made using a mixture of oxides and water as 


starting material. Runs 92 and 94 were made on a starting material of finely 


powdered anorthite and wollastonite and water, Results of these runs (see 
table 1) confirmed the position of the curve and equilibrium composition of 
garnets as determined by the piston-anvil device. It is interesting to note that 
the value for a, of the garnet, produced from a starting mixture of anorthite 
ind wollastonite in run was the same as those produced from a starting 
mixture of the oxides in run 91 and thus independent of the direction of the 
approach to equilibrium 
Runs 43 and 44 were made with less than stoichiometric amounts of silica 
rrossularite. The hydrogrossularite showed a much larger water-silica ratio 
hydrogrossularites made at similar temperatures and pressures where 
quartz was present as a Iree phase Qur runs indicate that hydrogrossularite 
will not form above 780°C if free quartz is present. Even in the presence of 
large amounts of excess silica, they form with expected composition at all 
temperatures below 780°C if water vapor pressure is sufficiently high, Run 32 
was made with an anhydrous mixture of oxides with hope of preparing grossu- 
larites below 780°C. No crystallization was observed after six hours at 712°C 
and 9 kilobars confining pressure, 
The entropy change, As, and heat of transition, Ah for the reaction hydro- 


grossularite plus quartz equals anorthite plus wollastonite plus water can be 


estimated from the slope of the equilibrium curve, shown in figure 1, The slope 


of this curve changes with temperature and pressure as the composition of 


hydrogrossularite changes with temperature and pressure, Thus this boundary 
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possesses neither the typical form of a hydration-dehydration boundary nor of 
a solid-solid reaction boundary (Kennedy, 1954), The slope of the boundary 
curve was determined graphically at intervals of approximately 50°, and Av, 
As, and Ah were calculated for the series of temperatures, These results are 


shown in table 2. It was necessary to estimate the molar volumes of the various 


Tarte 2 


Thermochemical Data for the Reaction Hydrogrossularite + Quartz 


Anorthite + Wollastonite + Water 


spec, Ah 

vol, AS k cal 

of cal/deg. mole 

a water cc/mole mole re- 
\ bars/degree ec/ gm, reaction reaction action 


11.995 1.100 7. + 30 
11.944 24+¢ 1.047 
11.905 +t 1.018 
11.880 8.14 93 
11.864 
+ $.6 


16.3 53 


at 800°C 


phases at each of the temperatures involved in the calculation, Differences in 
compressibility and thermal expansion of the various solid phases were as- 
sumed negligible and disregarded, since the major uncertainty in the calcula- 
tions was that of the graphical determination of the instantaneous slope of the 
equilibrium curve at various temperatures. The specific volume of the hydro- 
grossularite was computed from the x-ray measurements of unit-cell size. No 
experimental data were available for the specific volume of water at pressures 
and temper itures of this reaction, However. Knopoff. Holser and Kennedy 
(unpublished data) have prepared tables of the specific volume of water by 
use of a Thomas-Fermi-Dirac type equation of state to interpolate between the 
specific volumes of water at lower pressures and specific volumes of water at 
extreme pressures, as found by shock wave methods, The measured values of 
Av and dp/dt. with derived values of As and Ah, are listed in table 2. 


It is clear that in an anhydrous environment, where the only pressure is 
confining pressure, hydrogrossularites cannot form, Under such circumstances 
the reaction would be anorthite plus wollastonite equals grossularite plus 
quartz, The curve for this reaction then is the prolongation of the boundary 
found above 780°C, This curve intersects the O°C axis at a pressure of approxi- 


) 
mately 8.4 10 kilobars. Thus within these limits of error, pure grossularite 


is unstable in the presence of quartz with respect to anorthite and wollastonite 
at all pressures under § kilobars, It probably cannot form in the Earth’s crust 
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it pressures of less than 9-11 kilobars, due to the geothermal gradient (Birch, 
1955). This corresponds to a depth of somewhat more than 30 kilometers and 
suggests a much higher presst nvironment for grossularite than is generally 
estimated. 


CONCLUSIONS 


Grossularite is associated either with wollastonite or with anorthite in the 
metamorphism of impure calcareous rocks. Anorthite and wollastonite seem to 
be imcompatible in most instances (Harker, 1939). Thus the majority of field 
observations agree with the phase diagram as presented in this paper. 

Some exceptio cnow however. In the Carlingford District 

Osborne, 1932) ar de (Harker. 1939) wollastonite and a lime- 
bearing feldspar ire fou ! issociation, with or without grossularite. 
From the evidence of our pl diagram, it may be presumed that these rocks 
were formed at high te eral nd low pressures, Rocks with wollastonite. 
srossularite and anorthite can o1 rm close to the equilibrium curve or form 
where there is insufl e various reactions to run to completion. 
Yoder (1950) su that the majority of garnets described as grossu- 


tes are in fact members of t hvdrogrossularite series, Under the very 


ire reological circumsta! : total pressure 1s equal to the partial 


yressure of water, purt I liaril innot form under 780°C, but under most 


nditions the part | ssu I iter is believed less than the total confining 


pressure. Thus pure ss : n ie t any temperature if the confinir 


pressure is suflicient prolong ition of the grossularite 


dary shown 


Unfortunately | ram we present cannot be applied directly 
many i Natural 


rossularite usually contains othe 


especially tr eC! ) | the influence of these other ions on the 


ity field of grossu le inknown. Similarly the reaction we discuss is 


f anorthite plus e equals grossularite plus quartz, Normally a 
bearing feldsp he natural reaction ind the equilibrium 


sition of the boundar fluenced by an unknown but appreciable 


umount by the sodiur ! Ispar. The reaction with soda feldspars will be 


one in which jade th pressure product formed and a com- 


understandi: equ rium involves further 


if free qu 


yuart tp nt and similarly the partial pressure ot walter 
| pure PTOSSU ( 


experimentation, 


le to much lower temperatures and pres- 
ures than indicated or phase gram. 
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ABSTRACT hale, voleanic graywacke, quartz 
edded ert west of Gazelle, California 
iin Silurian trilobites, brachiopods 
sists of 


arenite 


ng Willow Creek 


unfossilife 
stone belong to 


rous sedimentary 
genera pre viously 


appears most closely related 1 


iult contact by phyll te and 

rocks have been derived 
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it ist 
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enerally trendis north « tracts 
marked contrast to a complex patte 

ted metamorphic rocks, In additio1 
ring gently northwe st 


Thus it § pos 
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INTRODUCTION 
This paper describes rocks cropping near the eastern edge of the 
Klamath Mountain province, where lavas of the Cascade Range overlap Pale 
rocks, Meagre knowled re ¢ 


f the early Paleozoi sequence that underlies a 


out 


» region in the eastern 


Klamath Mountains of central Siskiyou County i: 
Investigation Th 


ie summer of 1957 a detailed study was made of 
isolated fossiliferous |] a 


ropping out near Gazelle, Californi 
1). This work was und in attempt to determine the age of the 
limestone and nd distribution. In addition to progress 
f a folded thrust fault seems of sufficient 


0 expiall 


by Churkin during the summet 
tence of the thrust fault was conduct 
ids of approximately a 


week each 1! 
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PREVIOUS WORK 


886) C.D. Walcott assigned a “Lithostrotion” 
llow Creek to the Carboniferous, Later Diller. 

Charles Schuchert in 1894 published a brief description of the rocks crop 

out along Willow Creek southwest of Gazelle. Corals collected here from 

tone were identified as Devonian by Schuchert (Diller. J. S. and Schu- 

vert, 1894) and this limestone near Gazelle was subsequently referred to as a 

northern extension of the Devonian Kennett Formation of the Redding 

Quadrangle (Diller, J. S.. 1906 Stauffer (1930) also described corals col 

lected 314 to 4 miles southwest of Gazelle as Devonian. Averill (1931) brietly 
describes the rocks in the area, but reports no additional fossils. 

Merriam (1940) ce d an assemblage of fossils from the rocks along 
Willow Creek. 31% miles southwest of Gazelle and identified them as Silurian 
Furthermore he compared his fossils with collections in the U.S. National 
Museum made by iller and reports that the two collections “undoubtedly 
represent approximately the same zones” (Merriam, 1940, p. 48). It is also 
likely that Stauffer’s material came from the same locality and that this spot is 
the same as our locality B-5247 NW 1/4. SW 1/4, NW 1/4. Sec. 19, T. 42 N.. 
Rk. 6W.. China Mountain quadrangle. on the Creshew Ranch. 

Heyl and Walker (1949) map most of the area in support of an evaluation 
of the limestone deposits but do not distinguish the metamorphic rocks from 
unmetamorphosed detrital sedimentary rocks. Wells, Walker and Merriam 


(1959) have recently described and named the | pper Ordovician (7?) Duzel 


formation and | pper Silurian Gazelle formation in this area, This report, 


ch consists of a description of these two formations in their regional aspect 
ind a reconnaissance geologic map of about 400 square miles including the 
total known outcrop of the newly named units, was published after our paper 
had been submitted for publication. Thus only a few references have been in- 
serted in the present discussion in order to integrate our more detailed study 
I l much smaller irea nto the regional relationships outlined by Wells. 
Walker and Merriam (1959 


STRATIGRAPHY AND PETROGRAPHY 


Th nterbedded sequence of shale, sandstone. bed 

rlome rate iim tone ind tuff in the Gazelle area is here rele rred 

the “Gazelle Formatio of Wells. Walker and Merriam (1959). Shale 

nd sandstone predominate in the Gazelle Formation, but lateral gradation 

from one lithologic type to another is widespread and bedded chert. conglom 
erate and limestone occur abundantly as discontinuous lenses and lavers. A 


ou 


crop of andesitic lapilli tuff near locality B-5247 is the only evidence 

inic rock in the Gazelle formation noted in the course of this study, The 

Formation crops the central portion of the area (fig. 1) and 

between the North and Middle Branches of 
ind 

A thick. fairly continuous limestone laver. dissected by erosion and re 


itedly faulted. dominates the central part of the area forming cliffs and bold 
rops. This unit is the only member of the Gazelle Formation that is trace 


{ 
(,aze 
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ind phyllite conglomerate 


Shale and tuffaceous mudstone Serpentinite 


Sandstone Diorite and quartz diorite 
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le for significant distances and is herein named the “Payton Ranch Lime 
stone Member” of the Gazelle Formation. Outcrops on the east side of the high 
peak (elev. 4320 feet) in the NE 1/4. SW 1/4, Sec. 6. T. 42 N.. R. 6 W.. 
Yreka Quadrangle, Siskiyou County, California are designated as the type 
iocality. The relationship between the Payton Ranch Limestone and rocks be- 
low it is well established. Over 600 feet of shale. sandstone, bedded chert, con- 
glomerate and scattered lenses of similar limestone occurs stratigraphically 
the member. The upper contact, however, is everywhere either an ero- 
sion surface or a fault contact. Some of the Gazelle Formation outcrops west 
f the Payton Ranch Limestone exposures are, however, possibly younger than 
the member 

The base of the Paytor inch Limestone Member is thin-bedded and 
ontains thin interbeds of shale. Above the thin-bedded, basal portion, however, 
the limestone is poorly stratified, very thick-bedded, fairly pure calcium 

irbonate, Excepting local intra-formational conglomerate and brecciated, re 
rystallized areas along faults, the limestone is finely crystalline or micro- 
crystalline. Most of the limestone is sparsely fossiliferous containing corals, 
brachiopods, crinoid stems and echinoderm fragments, Some is bioclastic lime- 
stone. These fragmentary ls have nearly the same composition as the fine- 
erained, crystalline, calcite matrix and. therefore, fossils generally do not stand 
out in relief on pitted and fluted weathered surfaces. 

Lenses of limestone occur stratigraphically below the Payton Ranch Lime- 
stone and form small outcrops in the southern portion of the area, In contrast 

» the Payton Ranch Limestone hese lenses are mostly thin-bedded and the 

mestone is less pure Some | 1 ( tain inte rmixed chert pebbles and sand 
while others are interbedded with lenses of gray-black chert, At the extreme 
eastern tip ol the divide between the North and Middle Branches of Willow 
Creek, outcrops of dark-gray, thin-bedded limestone contain shale laminae, An 
wolitic limestone crops out along the hill above this limestone and is itself over- 
lain by calcareous quartz aren! 

Portions of the oolitic limestone are composed of oolites and pisolites 
cemented together by microcrystalline calcite, Oolites occur in the centers of 
some pisolites, but others have microcrystalline calcite nuclei. The centers of 
most of the oolites, however, are replaced by large calcite or quartz crystals, 

it the outer microcrystalline concentric laminae are well-preserved. Many 
smaller oolite-like bodies (under 0.5 mm), lacking laminar structure, may be 
lecal pellets. 

Limestone conglomerate underlain by shale and graywacke ¢ rops out ex- 

sively along the t yp ol the divide between the North and Middle Branches 
W illow ( reek hg »} This rock Is mostly composed of rounded to sub- 
ilar boulders an bles of limestone in a matrix of gray-black, coarse 
sand, Seattered angular fragments of sandstone and shale up to 2 feet in di- 
imeter also occur here. This type of conglomerate grades eastward and west- 
ward into conglomerate composed solely of limestone fragments cemented with 
licht-gray calcite, The size, aneularity. and poor sorting of the detritus com- 


OSIN the conglome rate require a nearby source, Close association with the 


I 
| 


ivton Ranch Limestone together with lithologis similarity of the limestone 


Fig. 3. Limestone conglomerate in the Gazelle Formation, Sec. 13, T, 42 N., R. 7 W. 
on the divide between the North and Middle Branches of Willow Creek. The boulders, 
cobbles and pebbles of limestone and sandstone are in a matrix of gray-black coarse 
sandstone. 


boulders to the limestone in the Payton Ranch Limestone suggests that the 
conglomerate results from local reworking of the Payton Ranch Limestone, 

Lenses of thin-bedded gray to black chert are interbedded with graywacke 
and shale. The chert consists mostly of very fine-grained crystalline silica 
transected by scattered, clear veinlets of chalcedony and coarser quartz. 
Abundant argillaceous material is present, however, in some thin, impure, chert 
beds described best as porcellanite. In places the chert is intensely crumpled, 
crushed and recemented with silica. 

Most of the shale in the area is either brown, black or red, It is generally 
silty and contains thin interbeds of sandstone and siltstone, Slaty cleavage and 


fracturing which locally produce pencil structure are characteristic, Outcrops, 


however, are generally thoroughly covered by thick soil and vegetation, 

Two contrasting sandstones crop out in the area, Volcanic graywacke is 
widespread stratigraphically below the Payton Ranch Limestone in the central 
portion of the area, but calcareous siltstone and quartz arenite are prominent 
on the ridges in the southeastern and far western portions of the area. 

Phe volcanic graywacke is a very hard, dark-gray almost black sandstone 
which is interbedded with silty shale and bedded chert. Characteristically the 
graywacke is thick-bedded, poorly stratified, and contains scattered angular 
pebble-sized fragments of argillite and chert. Graded bedding is uncommon 
and the poor sorting and lack of stratification gives the impression that the 
eraywacke accumlated as a “poured-in” type of sediment, The lower contact of 
the graywacke, shale and chert sequence is unknown, but the graywacke gen- 
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erally grades upward into shale interbedded with thin beds of limestone at the 


base of the Payton Ranch Limestone 


Microscopically the graywacke i 


en microcrystalline chloritic matrix, Most 


hut polysynthetically twinned albite and 


= composed of an unsorted aggregate of 


subangular grains imbedded in a 


‘rains are volcanic rock fragments. 


subordinate amounts of chert and argillite also are present. Quartz grains and 


ilmenite which is almost completely altered to leucoxene, comprise about 5 
percent of the rock, The volcanic rock fragments are readily distinguishable 
by their texture of subparallel plagioclase microlites in an altered groundmass 


alteration of detrital grains and re- 


if green chloritic material. Diageneti 
indicated, in thin sections, Most of the 


rystallization of the matrix are clearly 


ilbite grains are penetrated by minute flakes of chlorite and sericite and are 


ilso partially replaced by « te. Interstices between the grains are occupied 


by pale-yellowish-green chlor material containing shreds of sericite which 


replaces the margins of the grains, Replacement of detrital grains by matrix 


minerals shows that the matrix is recrvstallized (Williams and others, 1955. 


Oe 
The high percentage of iic rock fragments in the graywacke and 


the deficiency of quartz indicate that the detritus was derived from intermedi- 


rr basic volcani wks. The smaller amount of material from chert and 

rock suggests a minor source in sedimentary terrain, Both kerato 
characterized by feldspars principally in the 
rested that the highly altered grains of albite 


phvres and spilitic basalts are 


ilbite range However 
the graywacke are pr of diagenetic alteration of more calcic plagio- 
it normal andesitic or perhaps hasaltic voleanis 


lase Thus it is prop 
rocks were the chief sou f detrital grain 
he southeastern portion of the area and un- 


Quartz arenite c1 
the western edge of the area, Many bye ds 


derlies phyllite and se ilor 
n the southeast outcrop cross-laminated and contain interbeds 
siltstone The quartz arenite is fairly well sorted, 
ind most of the to subrounded, Quartz comprises about 
tuents and grains of chert, albite, mus- 


onst 


YU percent ol 
ind magnetite make up the remainder. The 


vil ilmenite 
irtz arenite Is well compact as the quartz grains are in close contact with 
yrrmed flakes of muscovite pinched between them. Secondary calcite and 


ind cement the detrital grains. 


ymbs of dolomite part 
\ marked difference in degree of maturity exists between ie volcanic 


immature voleanic graywacke is poorly 


vacke and the quartz arenite. The 
d and consists largely « nstable volcanic rock fragments and grains of 
In contrast. the 


amount of albite. contains only the most stable minerals—chiefly quartz 


irenite is moderately sorted, and except for a 


iecessory muscovite. zircon, leucoxene and magnetite. 


Gray-black chert conglomerate locally underlies the Payton Ranch Lime 
stone. Generally, this chert conglomerate grades upward into sandstone and 
ileareous shale at tl 
s directly succeeded by limestone and pebbles of chert occur within the 


ie b ise of the lime stone. In plac es, however. the ( onglomer 


ate 
mestone several feet The conglomerate is only vaguely strati 
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fied and locally is poorly sorted, containing pebble-sized fragments of chert in 
a sandy matrix. Chert is the most abundant detrital constituent of the con- 
vlomerate and locally comprises almost 100 percent of the pedbles, Subordinate 
amounts of argillite and quartz pebbles are locally intermixed with the chert 
pebbles. Most pebbles are rounded but the sand and silt grains of the matrix 
ire generally subangular. Where the conglomerate is well-sorted and has no 
matrix, the pebbles are cemented by iron-stained siliceous material producing 
ivery hard roc k whi h breaks across the pebbles. 


Three partial sections of the Gazelle Formation will serve to show the 
abrupt lateral gradations between rock types within the formation (fig. 1). 
These sections define a northwest-southeast line across the east-central portion 


of the area and are spaced less than a mile apart. Each includes the Payton 
Ranch Limestone at the top which serves to establish the physical lateral 

| pny 
equivalence of the rock below. 


| Section measured on the east side of the highest peak (elev. 4320 feet) 
capped with limestone (NE 1/4, SW 1/4, Sec. 6, T, 42 N., R. 6 W., Yreka 


(Quadrangle, Siskiyou County, California). 


rhickness 
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Formation, top and bottom not exposed. 
Payton Ranch Limestone Member (Type Section) 
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issive, sparsely fossiliferous: top removed by erosion, 
ileareous, brown, thinly interbedded with limestone; abundant 


Gazelle Formation 
coarse grained, dark gray, poorly stratified rains predomi- 
‘ rock particles, Contains lenses and boulders of limestone. 
e, finely crystalline, sandy, dark-gray, thinbedded, 
very coarse-grained, pebbly, poorly stratified; grains predomi- 
nic rock particles, 
silty, highly fractured, 
rt, dark-gray, with thin interbeds of pebbly, calcarenite; 
inex posed 


1 West flank of Bonnet Rock, SE 1/4, Sec. 6, T. 42 N.. R. 6 W; Yreka 


(Quadrangle, Siskiyou County, California. 
Thickness 
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Gazelle Formation, top and bottom not exposed, 
Payton Ranch Limestone Member 
Limestone, finely crystalline, light-grav, very thick-bedded, 
sparsely fossiliferous; top removed by erosion 


massive, 


ale, calcareous, brown, thinly interbedded with limestone; abundant 

ora 1 brachiopods, 

Undifferentiated Gazelle Formation 

Graywacke, coarse-grained, dark gray, poorly stratified; grains predomi- 
iantly voleanie rock particles, Contains lenses and angular pebbles of 
hert. Grades upward into fine-grained sandstone, siltstone and shale. 
Bedded chert, light grav. 
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stronger, later-formed lineation. These minute folds in turn are superposed on 
much larger folds having axes parallel to the major fold axes. 

Semischist as defined by Turner (Williams and others, 1955, p. 205) and 
phyllite are closely related rocks and one grades into the other. The semischist 
in this area is a hard, pale-green, medium to coarse-grained schistose rock that 
is intensely crumpled and folded. Sheared, elongate grains and scattered peb- 
bles form a pronounced lineation in the semischist. Minute folds also parallel 
the lineation of the elongate grains. The rock is chiefly composed of coarse, 
strained, partially granulated crystals (porphyroclasts) of quartz and albite. 
These are associated with relic ovoid fragments of chert and volcanic rock in 
a fine-grained schistose matrix of quartz, feldspar, muscovite, pale-yellowish- 
vreen mica, chlorite, leucoxene and sphene, The relic grains of albite have 
well-developed polysynthetic albite twinning with the twin lamellae disrupted 
and curved in many grains. Minute shreds of sericite penetrate the albite and 
patches of calcite and rhombs of dolomite partially replace the rock, Veins of 
calcite and quartz cut across the schistosity and since these veins are not de- 
formed, they must have developed subsequent to the development of the promi- 
nent schistosity. 

lhe phyllite and semischist are the product of low-grade, regional meta- 
morphism, and they indicate the former presence of pelitic and quartzofelds- 
pathic sedimentary rocks respectively, In the semischist the nature of the parent 
rock is recognizable because of the mineralogy and texture of numerous un- 
destroyed fragments of chert, albite, quartz, and volcanic rocks, Thus the 
semischist may well have been derived from volcanic sandstone of the type 
occurring in the Gazelle Formation below the Payton Ranch Limestone, The 
phyllite appears to be derived from shale. No fossils were found in the meta- 
morphic rocks, and therefore their age is conjectural. Thus they may be either 
older or younger than the Gazelle Formation. 


Intrusive rocks.—A large serpentinized pyroxenite-peridotite pluton in- 
trudes Paleozoic rocks in the southeastern part of the area, This ultrabasic rock 
is altered to dark green serpentinite, characterized by a bastitic structure of 
serpentine pseudomorphs after original orthopyroxenes, Contacts between the 
serpentinite and adjacent sedimentary rocks are steep and lack evidence of 
pronounced contact metamorphism. This absence of baking and contact meta- 
morphism of the host rock suggests that the temperature of intrusion of the 
pluton was of the order of a few hundred degrees or less, The preservation of 
hastitic structure, presumed to form under static conditions, implies that ser- 
pentinization was incomplete at the time of intrusion. 

\ few small isolated dikes of serpentinite penetrate the Paleozoic sedi- 
mentary sequence north of the ultrabasic pluton. These rocks are composed of 


green, flaky, antigorite serpentine and are strongly sheared. Thus they prob- 


ably developed under stress along faults and fractures in the sedimentary rocks. 


Small bodies and dikes of hornblende quartz diorite and hornblende 
diorite intrude both the sedimentary and metamorphic rocks, The sedimentary 
rocks are baked along contacts with these medium-grained intrusive rocks, but 
the absence of new mineral assemblages around the intrusions indicates that 
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rma was relatively “dry.” These intrusive bodies dip steeply and theit 


eenerally north-south 


} virusive rocks Several discontinuous bodies of Tertiary and or 
(Quaternary basalt rop out in the area The largest of these is on the crest of 
high ridge in the northeast part of the area, Here olivine basalt unconform- 
ibly overlies phyllite. This body is layered, and apparently includes several 
ndividual flows. In tl ctions abundant fresh phenocrysts of olivine can be 
a matrix of calcic plagioclase laths. subhedral augite and magnetite. 
basalt outcrops lie close to the valley floor near Lime Gulch 
northernmost outcrop at the south base of Bonnet Rock is a highly 
altered basalt composed essentia ol microlites of plagioc lase in a black, iron- 
h. glassy groundmass. Fil s aggregates of actinolite fill amygdules and 
ibundant minute scales of hematite with some sper ks of magnetite occur in the 
roundmass, The body crops out just south of Lime Gulch Road, This 
mass is an andesite-basalt, consisting of andesine laths subophitically intet 
rown with augite, both of which are altered in part to « hlorite. A few euhedral 
crystals of almost completely chloritized olivine occur in the groundmass and 
wcessory egrall ( ilmenite partially altered to leucoxene are disseminated 


oh the rock. 
Differences in mit composi n. texture. and degree of alteration sug 


that these b ( \ t ol 


Gazelle may represent several separate 
fl 


01 y just east of the area contains great quantities 

material ck | megs to the Tertiary Western Cascade series 

; produced in late Tertiary to recent time 

vever, Is inadequate to correlate the local 

ta Valley. though close proximity suggests they 
| 


F THE GAZELLE FORMATION 


bites. are wide spread in thin-bedded 

interbedded w base of the Payton Ranch Limestone 

and other limestone bodies in the Gazelle formation, Isolated brachio- 

ind stromatoporoids also are scattered through the massive lime 

only unidentifiable fossil fragments were noted in the graywacke. 

shale and bedded chert. Very fossils occur in the conglomerate and these 
ire within limestone pebl boulders 


The following orgal ve heen ick ntified in our collec tions from the 
Gazelle Formation and are listed below with the known ranges of the cenera 
they belong 


Dicranopeltoides cf. D. decipiens (Weller)—M. Ord.: Siberia, U. Ord. 
Sil.: Europe M.S ?): eastern North America. 
Cheirurus cf. C. insignis Beyrich—U,. Ord.—Sil.: Bohemia. M. Sil.: east- 


ern North A meri 1 


Encrinurus (Cromus ) beaumonti ( Barrande) Ord. Sil.: Europe, North 
America and Alaska 


the 
| 
flo Phe 
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Leonaspis (Acanthalomina) minuta (Barrande) (= Odontopleura in part 
of American authors) —L, Sil—U,. Dev.: Europe, L. Sil.: Siberia. 
Ord.—Sil.: eastern North America. 

Proetus sp. indet.—M. Ord.—U. Dev.: cosmopolitan. 

Scutellum sp. indet.—Ord.—Dev.: Europe and North America. 

Trochurus sp. indet—U. Ord.—Dev.: Europe. Sil.: eastern North Ameri- 
ca, 


Brac hiopoda 


Leptaena rhomboidalis Wilckens ? Sil. Dev.: cosmopolitan. 

{trypa reticularis Linnaeus var. orbicularis Sowerby ? M. Sil. 
Miss.: cosmopolitan. 

{trypella scheti (Holtedahl) ?—M. Sil. Sil.: Europe, Asia, North 
America, Ellesmereland. Alaska. 

Gypidula sp.—Sil.—Dev.: Europe and North America, Dev.: China, Rus- 

sla and CO. 

These data clearly indicate that the fossiliferous portion of the Gazelle 
Formation is Silurian and that it is probably Middle or Upper Silurian, Closer 
correlation, however, must be dependent upon further collection in the Gazelle 
Formation and upon more extensive and detailed descriptions of other Silurian 
fossil assemblages from western North America. At present these faunas are 
very poorly known and the isolated Gazelle assemblage must be compared 
directly with fossils from the standard sections of eastern North America, Eng- 
land, Bohemia and Siberia. Such comparisons are useful in the study of inter- 
continental faunal distributions, but may give an exaggerated cosmopolitan 
appearance which obscures the indigenous character-of the region’s fauna, Ex- 
perience shows that when fossils previously considered conspecific with animals 
from eastern North America and Europe, are directly compared with the type 
specimens, it becomes apparent that separate species occur in western North 
America, These western species, however, are generally closely related to their 
counterparts in Europe and eastern North America and it may be inferred 


that they have approximately the same time-stratigraphic range, Fortunately 


the trilobite and brachiopod genera so-far identified in the Gazelle fauna are 
widely distributed and many have been considered excellent index fossils for 
long-range correlation. Thus although general correlation is secure, it is not 
practicable to make critical comparisons at the specific level without access to 
good comparative collections. 

The trilobite fauna of the Gazelle Formation includes several new records 
for western North America. Dicranopeltoides, Trochurus, Cheirurus, Acan- 
thalomina and Scutellum are all previously unreported from the western states, 
although they are known to occur in eastern and middle-western North Ameri- 
ca, Tentative comparisons on the specific level, however, clearly indicate that 
the Gazelle trilobites are more closely related to Middle and lI pper Silurian 
faunas of Asia and Bohemia than to those of eastern North America. In ad- 
dition the brac hiopods seem more closely related to those of Alaska and Asia 
than to those of interior and eastern North America. Thus the faunal aspect of 
the Gazelle Formation is in harmony with the conclusion of C, W. Merriam 
(personal communication) that the Lower Paleozoic faunas of northern Cali- 
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ornia are distinctly different from those of the Great Basin and have their 
closest aflinities with Alaskan and Asian assemblages. 


GEOLOGIC STRUCTURE 
rhe largest most striking 


structural feature of the area is a folded 
ust fault which brings the met 


imorphic rocks on the north and west into 


contact with the Gazelle Formation (fig. 1). Phyllite and semischist cap the 


highest peaks and ridge tops along the northern and western borders of the 


area and were observed to crop out several miles north of the mapped area. 
Much of the contact be 


etween the sedimentary and metamorphic rocks is con- 


cealed by rock debris and thick vegetative cover and there are no clear-cut ex- 


posures of the fault-plane. At numerous points along the ridge extending north 
from Mallethead Rock and on the ridge northwest of the prominent limestone 


outcrops in upper part of the North Branch of Willow Creek, however, beds of 


Sal dst 


one beneath the metamo 


At Mallethead Rock, one of ilities where the metamorphic-sedimentary 


rock contact is exposed, beds of limestone, sandstone and chert are steeply 


ied beneath the metamorphic rocks (fig, 4). Here 


rocks are sharply truncated at the contact. 


dipping and slightly overturt 


rthwest toward illethead Rock, Hill on ri 
verturne beds of chert, sandstone and limestone form the 

ethead Rock) in the center of the photograph. 

the slope on the right-hand side of the 
is exposed in the overhang beneath the 


ght 1s capped by semi 


ind elsewhere. sedimentary rocks directly beneath the met 


tamorphic rocks are 
stronely crumpled, sheared and brecciated, These strongly deformed rocks. 
however, occur only in a tl 


hin zone near the contact. Several samples of sand- 
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stone. taken less than 50 feet below the contact. show no s« histosity, lineation, 
or granulation of grains. Also only minor chloritic and sericitic replacement 
occur in these rocks. In fact. all of the quartz arenite and graywacke below 
the metamorphic rock and the sheared zone lack cataclastic texture and con- 
tain far less muscovite, sericite and chlorite than does the semischist. On the 
other hand, the phyllite and semischist clearly have been altered by cataclastic 
deformation aided to a lesser degree by purely chemical processes. Thus it ap- 
pears that the sedimentary rocks were not subjected to the same metamorphic 
environment that produced the phyllite and semischist. This, in turn, means 
that the metamorphic rocks could not have been metamorphosed in their 
present position without the process also resulting in alteration of the Gazelle 
Formation. Thrust faulting offers a suitable mechanism to explain their present 
close juxtaposition in which metamorphic rocks cap the ridges and hills and 
sedimentary rocks crop out in the valleys and on the lower hill-slopes, Further- 
more the areal distribution of the metamorphic rocks, their stratigraphic 
position, and the nature of the sedimentary-metamorphic contact, indicate that 
allochthonous metamorphic rocks have been thrust over the Paleozoic sedi- 
mentary rocks. This fault is named the Mallethead thrust fault because of its 
rood exposure at Mallethead Rock. 

Evidently the initial dip of the thrust plane was low, but folding subse- 
quent to thrusting has produced dips as high as 30°. A broad anticlinal fold 
in the thrust plane plunges northward from Bonnet Rock. Here erosion has 
removed the metamorphic rocks of the overthrust block and Gazelle Formation 
is exposed along the axis of the plunging fold as far north as Stoner Gulch, In 
addition the outcrop pattern of the thrust suggests the presence of a second 
large anticline roughly parallel to the first but with the axis lying west of 
Mallethead Rock and Scarface Ridge. 

Information from the Gazelle area, shows that movement along the Mal- 
lethead Fault must have been at least as great as four to five miles, Regional 
relationships suggest but do not require that the overthrust block came from 


the northwest, Additional mapping to the north and west, however, is required 


to ascertain the regional extent of the fault and may permit more accurate de- 
termination of the direction and amount of movement, Thus although the 
Mallethead Thrust may be a major structural feature of regional significance, 
it also may be merely a local feature along the front of a progressively meta- 
morphosed terrain. 


Structural patterns within the phyllite and semischist are exceedingly 
compk x and have not been thoroughly investigated, lt is apparent, however, 
that the numerous wrinkles, minor folds and faults which deform the foliation 


planes of the metamorphic rocks have no counterpart within the mass of the 
Gazelle Formation. 


lwo large anti lines with superposed smalle1 folds ire developed within 
the Gazelle Formation. These extend from the divide between the Middle and 
North Branches of Willow Creek to Stoner Gulch and their axes parallel the 
axes of the folds in the thrust plane. Axes of most of the folds in this system 
trend N. 20° W. to N. 30° E. and plunge less than 20° N. The absence of 
traceable structural horizons in the valley of the Middle Branch of Willow 
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Folding of the thrust plane probably occurred in association with intrusion 
of the igneous bodies, but may have accompanied uplift and erosion of the 
area, Late Cretaceous rocks near Yreka overlap the older rocks and are a 
record of subsidence and marine deposition subsequent to the so-called 
Nevadan orogeny in this area. Deposition of these rocks was followed by uplift 
and erosion prior to extrusion of the Cenozoic lavas. 

Phus the gelogic history of the Gazelle region is a complex of repeated 
cycles of marine deposition, vuleanism and orogeny, There is evidence suggest- 
ing at least one pre-Silurian orogeny and clear evidence of two periods of 
deformation between the beginning of the Silurian and before Tertiary time. 
In addition vuleanism has been active in the area in both Silurian and Ceno- 


zoic time, Evidence suggestive of additional orogenic cycles is also present, but 
further detailed study in adjacent areas is required to verify this hypothesis. 
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A PETROFABRIC ANALYSIS OF A FOLD 
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MONOGENETIC FOLDS 


Folds of this type may originate through (a) pure shear, (b) pure flexure, 
(c) flow, and, (d) any combination of these processes 

lhe common orientation rule for micas is that in which the (001) cleav- 

ge plane lies in an S-plane, with the “c” crystallographic axis normal to the 
S-plane. The orientation of the quartz will be considered subsequently, 

(a) Fold formed by pure shear.—The fold is formed by deformation 
along an infinite or finite number of shear planes (S,), usually parallel to the 
axial plane of the fold (fig. la). The micas will become oriented, either by 
syntectonic crystallization or by subsequent growth along S-planes, They will 
he oriented, firstly, by deformation of the original S-plane (S,), and will pro- 
duce a girdle developed about the fold axis as axis of symmetry, with maxima 
corresponding to the limbs (fig. 1b and Ingerson, 1940). Secondly they will be 


FIG. 2c. FIG.2d. 


Fig. 2. (a) Relation of q-richtungen to fold, (b) Parallel alignment of q-richtungen 
ling 2a. Mica diagram, above; Quartz diagrams below, (c) Relation of q-richtun- 
on complete unrolling of a polygenetic fold. (d) Polvgenetic fold partly unfolded so 


ul folk 


that q-richtungen are parallel. 


J) F |G.2a., 
FIG. 2b. 
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) in the fold. ceiving a preferred orien- 

to the shear direction (fig. le). In prac 

t or impossible to distinguish between 

iagrams will be superimposed ( fig. 1d) 
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A Petrofabric Analysis of a Fold Bia 


Shear followed by flexure.—Such a structure may be defined by referring 
to the description of the folds analyzed by Ladurner (1954) and Jones (1959). 

Ladurner, on completely “unrolling” a fold, found that the angle ¢ was 
not the same for each sector (fig. 2c). He overcame this difficulty by partially 
unfolding the fold until the q-richtungen were aligned parallel to each other 
(fie, 2d). The fold was thus initiated by shear, to give the shallow fold in 
figure 2d, and the fold was subsequently tightened by flexure of S. In the 
fold discussed by Ladurner 68-78°, and it retained its original fabric axis 


and a-c symmetry plane. 


Flexure followed by shear.—With this type of deformation, the analysis 
is more complex, There will be an original mineral orientation, related to the 
folded S-plane (S,). upon which is superimposed an orientation induced by 
shearing. It is possible that this later shear will completely obliterate the fabric 
of the earlier flexure, Where there are more than two modes of deformation, it 
will probably be impossible to detect the first unlss the later dformations have 
heen much less intense. 


APPLICATION TO A FOLD 


In order to illustrate these principles an analysis of a fold from the Gram- 
pian Highlands of Scotland will be described (see fig. 3). The fold was located 
24 miles west of Balquhidder ( British Nat. Grid. Ref, NN 190207 ). The re- 
versal of direction of curvature in small quartz veins in the core of the fold 
indicates that a certain amount of flexure has occurred during the evolution of 
the fold (Sander, 1930; Turner, 1948). The fold was divided up into a num- 
her of segments, the nose of the fold being subdivided into as many sectors as 
possible (fig. 

Phe sectors 1 and 5 give mica diagrams which can be related to the pri- 
mary S-plane (S,) (fig. 4). Sectors 2 and 4 give orientation patterns which 
define a statistical S-plane sub-parallel to the axial plane of the fold (S,). 
Sector 3 gives a more complete girdle, with maxima that can be related to S, 
and the limbs of the fold (see also fig. 1d). The mica diagrams in the nose of 
the fold define slightly divergent S-planes (fig. 7c). 

On the basis of the mica fabric, the limbs of the fold have been affected 
by flexural slip, the nose and the region bordering the axial plane having been 
fected by shear acting parallel or sub-parallel to the axial plane of the fold. 
Phe relation of the q-richtungen to the quartz diagrams and the diagrams to 
the fold are shown in figure 6b, the pattern of the q-richtungen being similar 
in each case. In sector 2 the q-richtungen that can be drawn are greater in 
number, but directions can be found which correspond to the pattern con- 


structed for other diagrams, The fabric diagrams for the nose of the fold give, 


in general, much sharper and more clearly defined orientation patterns than 


on the limbs, The patterns are identical in the sectors 1 and 5, but one dia- 
eram is the mirror image of the other. Use could not be made of the mica 
diagrams in unrolling the fold (Ladurner, 1954), but only of tangents to the 
S, plane which could be determined in the hand specimen. 

In the completely unfolded state, the quartz diagrams will be related as 
in figure 7a. The measure of the flexure of the fold can now be obtained by 
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unfolding the fold so that the q-richtungen lie parallel to éach other (fig. 7b). 
lhe symmetrical relations of the q-richtungen to the limbs of the fold, indicates 
that the fabric was impressed upon the rock prior to the later folding 
(Ladurner, 1954). 


Phe origin of such a structure may therefore be summarized: 

(1) Shear folding produced the open fold form in figure 7b, and im- 
pressed an appropriate quartz fabric on the rock. 

(2) Flexural slip folding with concomitant axial plane shearing (ac- 
ordion folding) utilized the same shear planes and directions (S,), resulting 
n the mica orientation patterns and sharpening the quartz fabric in the core 
of the fold (fig. 7c). 
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Marl. light vellowish grey (cream colored), highly cal- 
careous with low mineral content, very finely laminated. 
Chara stem fragments abundant. Chara oogonia present. 
Gastropod shells and fragments abundant in places; some 
black plant fragments parallel to laminations; roots per- 
pendicular to laminations abundant and well preserved. 
Thickness of unit variable: unit absent in places. Water 
table reached at about 10 feet, Sample 4 of palynological 
analysis (fig, 2). 

Silt. light grey when dry. unoxidized, calcareous, well 
sorted, laminated with some black laminae, Gradations to 
very fine sand, Organic material in well defined layers. 
Where high content of shells and shell fragments the sedi- 
ment is light yellowish grey (cream colored). Organic ma- 
terial includes Chara stem fragments and oogonia. Pollen 
and spores recovered. Samples 1, 2. and 3 of palynological 
analysis (fig. 2). The samples used for study of the ostra- 
codes and mollusks were obtained from this unit as well as 
the willow wood used for radio arbon dating (S- 1] . from 
a depth of 11 feet. The wood appears to have been trans- 
ported and occurs in fragments parallel to the bedding. 
Some dark brown to black tubular soft plant fragments 
perpendicular to the bedding apparently belong to water- 
rooted plants. 
Pebble zone, suggested hy pebbles in drilling mud and loss 
of circulation. 
Sand. gray. unoxidized. fine grained, argillaceous, cal- 
careous, poorly stratified: contains plant remains. Recovery 
of unit in core barrel: 13 inches 
Sand. vellowish brown. oxidized. fine grained. calcareous. 
massive, Contains few plant remains with blue grey re- 
duced area surrounding specks of organic matter, Re- 
Coveryv: 17 inches 
Sand, grey, unoxidized (60 percent). calcareous, Organic 
matter absent. Silt. clayey. greenish gray. calcareous, well 
sorted, laminated, numerous porous lime concretions 15-1] 
inch in diameter, visible organic matter absent. 

98 Pill. dark gravish brown. calcareous. 


thove section can be divided into three units: (a) till. below 55 feet. 


(b) sand and silt without organic matter of glacial or early postglacial age, 


hetween 55 and 23 feet. (¢) sand, calcareous silt, marl, and gyttja with organi: 


material indicating a postelac ial age. above 23 feet. 


RADIOCARBON DATING 


The wood obtained from the Herbert Site was identified as willow (Salix 
The woods of poplar (Populus sp.) and willow are similar in some re- 


ts but a definite determination of the Herbert wood as willow was made by 


gy 
sp.) 
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Dr. J. D. Hale and Mr. E. Perem of the Wood Structure Section of the Forests 
Products Laboratories of the Canada Department of Northern Affairs and 
National Resources, Ottawa. An anatomical study undertaken by Mr. J, S. 
Maini, Department of Plant Ecology, University of Saskatchewan, revealed in 
addition to the willow wood the presence of Gymnosperm wood, probably 
conilerous, 

The wood consists of fibrous, twisted fragments, several inches long. which 
disintegrate into smaller curled pieces resembling shavings, Where freshly 
broken it is dark brown, but the outside is light gray because of the adhering 
sediment. Bark is not present on the wood, The wood fragments are oriented 
parallel to the stratification of the enclosing sediment and no roots are present. 
lhe wood is therefore not in situ, but it does not appear to have been trans- 
ported over a great distance 

Stem portions of this willow wood were submitted to Dr. K. J. McCallum, 
Professor of Chemistry at the University of Saskatchewan, for radiocarbon 
dating. The mean value of two determinations on this sample (S-41) can be 
given as 10,050+300 years B.p. This value was arrived at by employing the 
acetylene method and the two determinations obtained were 10,.200+ 300 vears 
and 9,900+350 years. 
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An age of about 10,050 years for the sediments near Herbert at a depth 
of 11 feet suggests that these deposits are post-Valders or Anathermal in age 
if Cooper's (1958) terminology is accepted (fig. 3). 

lhe question where the ice border was at that time can be answered only 
by reference to the maximum extent of the Valders ice. Two divergent views 
have been expressed on the position of the maximum extent of the Valders ice, 
hut both suggest that the ice was at least 300 miles away from the Herbert 
Site. Because the Valders maximum was about 10,700 years ago (fig, 3) the 
ice had retreated even farther to the north and east at the time of the radio- 
carbon-dated sediment at Herbert, 10,050 years ago. If the The Pas Moraine is 
Valders, as suggested by Elson (1957, p. 1000) then the ice stood at least 350 
miles away. Lemke and Colton (1958) present a history of deglaciation of 
North Dakota which suggests that the Valders ice advanced much farther south 
then assumed by Elson and may have covered northeastern North Dakota as 
far west as 98°W longitude. If this ice border is projected north into Canada 
it follows roughly the western boundary of the Glacial Lake Agassiz basin. If 
this is correct, and if this western margin is traced northward into Saskatche- 
wan, it would mean that the ice was about 300 miles from the Herbert Site at 
ts closest distance during the Valders maximum. 


PLANT REMAINS 


The willow wood used for radiocarbon dating occurred in a sediment con- 

taining abundant plant fragments, These include recognizable fragments of 
Chara stems and some oogonia. A few drupelets of Potamogeton (Pondweed) 
ire also present. Houldsworth collected some cones of spruce from a peaty layer 
it about the 12-foot level, but no more cones were found during the 1956 ex- 
avation. He also mentions the presence of stems and fruit of Lycopodium 
(Club-moss), but Mr. K. C. Misra of the Department of Plant Ecology, Uni- 
versity of Saskatchewan, could only find leaves belonging to the three distinct 
species of true mosses (Musci) in the samples submitted to him. Only the moss 
order Eubrya appears to be represented and the specimens do not contain re- 
mains of Sphagnum moss. 

The plant microfossils (mainly pollen, some spores, and other remains) 
were investigated by Dr. J. Terasmae of the Geological Survey of Canada. His 
findings are summarized in figure 2, Samples from various depths were studied, 
but sample 1 is of most immediate interest as it represents the sediments in 
which the wood used for radiocarbon dating was enclosed, In reading figure 2 
it should be kept in mind that the populations obtained from most samples are 
small, that the samples are more widely spaced than is desirable for accurate 
palynological analysis, and that no allowance has been made for over-repre- 


sentation of certain species but that the percentages are recorded as found by 
Dr. Terasmae. 


The data of figure 2 were scrutinized by Dr, Doris Léve, Institut 
Botanique, Université de Montréal, who states that they are in full accord 
with her theories regarding postglacial floral migrations into Manitoba and 
with her contention that the pines are of western origin (Love, 1959, p, 568). 
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ie environment indicated by this assemblage is that of quiet, shallow water 


possibly a small lake or a backwater in a stream, La Rocque (personal com- 
munication, 1958) remarks that the absence of Sphaerium, Valvata, and 
{mnicola indicates an undeveloped fauna, that is, one in which all the species 
apable of existing in the environment had not yet colonized it. For this reason, 
the fauna is most likely that of a small lake, an environment reached by mol- 
lusks with some difficulty. 

Dr. E. M. Winkler, University of Notre Dame, Indiana, studied the 
sstracod material which he found to be well preserved but without any detect- 


thle muscle scar imprints. He determined the following ostracodes: 
Cypridopsis dentato-marginata (Daday) cf. C. parva (Mueller) 
Cypridopsis hartwigi (?) (G. W. Mueller) Bronstein 
Cycloe ypris lorbesi Sharpe 1897 
Candona cromagniana Turner 1894 
Candona distincta? N. Furtoss 1933 
Candona scopulosa N. Furtoss 1933 
( andona truncata N., Furtoss 19 
he above ostracodes C. forbesi is the most common and it can be stated 


there is a poverty of ostracod species. Some of the above mentioned 


odes (C. dentato-marginata and C, hartwigi) are now living in the arctic 


ubarctic whereas the others are found in the temperate parts of North 


ORIGIN OF DEPOSIT 


Both fauna and flora obtained from the sediments in the 10-12 foot in- 
terval at the Herbert Site indicate a climate that was wetter and also slightly 
der than the present. Deposition took place in a small lake with water plants 
iid surrounded by a mixed-wood forest. This environment is similar to that of 
n the present forest belt of Saskatchewan, about 200 miles to the north 

bert. 
Spruce wood found near Tappan, Kidder County, North Dakota has been 
liocarbon dated at 11.480 vears+300 vears (Moir. 1958). The Herbert 
sit verifies Moir’s contention that during early postglacial time the region 
cup prairie was covered by forest vegetation, “not necessarily as 
continuous cover but more probably in scattered groupings in the more 
worable habitats.” The simultaneous occurrence of such “prairie-indicators” 
{rtemisia and Shepherdia with the spruce-pine pollen of the 11-foot sample 
from the Herbert Site suggests that the same was true for southwestern 
Saskatchewan. The plant community was apparently similar to what can be 
seen today in the Spruce Woods Forest Reserve. southeast of Brandon, Mani- 
toba, where a spruce parkland surrounded by a prairie upland persisted from 


bout 10,000 B.p, until the present (Léve, 1959, p, 558, 568). 
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ICE-PUSHED RIDGES, PERMAFROST AND DRAINAGE 
M. G. RUTTEN 
Mineralogisch-Geologisch Instituut. Utrecht, Holland 


ABSTRACT. Ice-pushed ridges in regional development are the main glacial character- 
ist of the northwestern European plain, They were formed during the Riss glaciation 
ind consist of pre-glacial material pushed up inte long, straight or curved ridges with an 
cate structure, They developed as a consequence of the formation of a thick perma- 

t layer in front of the advancing ice sheet. 
pushed ridges of such a regional development are absent from the northern plains 
United States. It is thought that a relative difference in drainage pattern—away 
ice front in the U.S.A. and toward the ice front in Europe—can be held re- 
The presence of ice-pushed ridges in northwestern Canada, where again the 
is toward the ice front, and their absence in the Europe an Wurm glaciation, 


outw ird dra nage preva le d, corroborate s th s theorv. 
INTRODUCTION 


lce-pushed ridges form a conspicuous feature of the plains of northwestern 


Europe. stretching in a broad belt with a west-east direction across the middle 


of Holland and western Germany. Their dimensions are considerable. Their 
altitude above their surroundings, when counted down to the contemporaneous 
ground moraines in the adjoining valleys, ranges from 50 m to 200 m. Their 
linear extent varies from a few tens of kilometers to 100 km for a single ridge. 

Ice-pushed ridges (German, Stauwalle; Dutch, Stuwwallen) are still in- 
dicated on many geologic maps as end moraines, But they form entirely dif- 
ferent structures. They are built of pre-glacial material, earlier Pleistocene and 
Tertiary sand, gravel and clay, The material of the ice-pushed ridge formed 
the pre-glacial surface over which the ice advanced. It was strongly disturbed 
by the ice, and now dips as much as 50° to 70° over considerable distances. 
Both strike and dip of these pushed-up and tilted pre-glacial beds remain re- 
markably constant within an individual ridge. It has been shown (Richter, et 
al.. 1950; De Jong, 1952) that the structure of the ridges consists of long and 
rather narrow blocks, up to 150 m thick, pushed one on top of each other in 
an imbricate structure. The strike of the blocks is parallel to the ridge; their 
dip is away from their outer face of the ridge. 

Apart from these pseudotectonics developed through the lateral pushing 
of the ice, only a thin veneer of drift has been deposited over the ridges, This 
normally has been washed out stronely. leaving only a sporadic sprinkling of 
northern erratics on top of the ridges (“reduced ground moraine”). Practical- 
ly all of the mass of the ridge consists of pushed-up pre-glacial sediments. 

lce-pushed ridges of this size and regional distribution in the northwestern 
European plain belong to the Riss | Saale; Illinoian) glaciation. Of 
course the outward flow of ice in the big ice sheets has had many other pseudo- 
tectonic influences on the subsurface. Woldstedt (1958) cited many instances 
of local folding, influenced by pre-existing topography, But, because of their 
size and extent, the ice-pushed ridges here under consideration stand out as a 
class by themselves. They are characterized by (1) broad regional distribution 
in the plains; (2) large individual size, both vertical and linear; (3) uniform 
pattern, with remarkably constant strike and dip; and (4) by their imbricate 
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Pannekoek, 1956, figs. 34, 35). Farther east, in consequence of thinning of 
the early Pleistocene sediments, Tertiary bedrock also was incorporated into 
the ice-pushed ridges. Structurally, however, the imbricate nature of the ridges 
remains the same (Richter, et al., 1950). 
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GENESIS OF ICE-PUSHED RIDGES 


The genesis of ice-pushed ridges depends on the formation of a thick 
permafrost soil in front of the advancing ice sheet (Richter, et al., 1950 for 
western Germany; De Jong, 1952, 1954, for Holland). The permafrost layer 
formed a hard, brittle sheet. When it broke, whole slices were pushed out of 

way, with their original sedimentary structures intact, After postglacial 

ng the pushed-up blocks remained largely intact structurally because of 
nternal friction of the layers of sand, gravel and clay. 

The minimum thie 

thickness of the individual pushed-up blocks within the imbricate cross 

on of a ridge. As blocks 150 m thick are found, the permafrost layer, on 
the other hand, probably was not much thicker, It follows that many of the 


overthrust planes develop d at the hase of the permafrost laver, where the 


kness of the permafrost layer thus was equivalent tk 
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terlogged sediments could not offer much resistance to the load and push of 
ce sheet. 
In areal distributio pus! lves show a marked correlation with 
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rid res indic ting tl t they have been pushed from the valley axis out 


Brouwer (1950) eave ar yar ion of this correlation with river vallevs 
Holland. According to him, tl ince of the Riss ice sheet was halted for 
land, south of Drenthe province, A typical 

rea of ice-pushed ridges with till deposits 

I it ! period of the ice front, the northward 

Meuse, Rhine ms. Weser, etc.. eroded broad valleys in the 

European plait hey were dammed by the ice sheet to the north, 

had a nortl ly outlet alor the ice margin, During a final 

e of the R ndividual lobes advanced southwards; penetrating 

dually into the pre-existi ver valleys. and pushing outward the ma 
terial of the valley 3y this process, which greatly accentuated the alti 


tudinal differences the pi visting valleys. the high ridges were pushed up, 
correlat vilh ti rive! valleys also becomes clear. 


e the 
DISCLSSION 


il development of such a size and extent seem 

ited areas of the United States, In the plains 

ern La a ) r, they are present (Slater. 1927: Prof, Geo re 
communicatior s is of importance for the question of the 
these rid ) ll to note that in | urope ice pushed ridges 


extent are also a ! the area of the Wiirm ( Weichsel: 


] 
lacia 


» difference be n the northwestern European plain where ice-pushed 
the main gl il ure, and the American plains where such stru 
characterist y abser ul think, be explained by the difference 
1age patt 
northwestert uro the northerly drainage was dammed by the Riss 


he advancing ice, there existed a water- 


Wisconsin 
fie. 1). He 


Ice-Pushed Ridges, Permafrost and Drainage 297 


logged area in which a thick permafrost layer could develop. In North Ameri- 
ca, on the other hand, the southerly drainage tended to keep the area in front 
of the advancing ice relatively dry. Hence waterlogging of sediments and de- 
velopment of a thick permafrost layer were inhibited, There was no brittle 
subglacial layer, no sudden break of physical characteristics at the boundary 
of permafrost and underlying “normal” water saturated sediments, In conse- 
quence, none of the factors that favor the development of ice-pushed ridges 
were present. 

This hypothesis is strengthened by the absence of regional development of 
ce-pushed ridges in the area of the Wiirm glaciation in Europe, and, con- 


versely, by the presence of such structures in northwest Canada. 


In northern Europe, during the Wurm glaciation, the drainage was away 
from the ice sheet. toward the North Sea. The Wiirm ice sheet did not reach 
far enough south to dam the north-flowing rivers of the northwestern European 


plain (fig. 1). Conversely, the drainage pattern in northwestern Canada was 
rom the Rocky Mountains toward the ice sheet. So when and where loose 
sediments were available, these ought to have become waterlogged, A thick 
permatrost laver could become established and ice-pushed ridges could de- 
velop there. 


There seems to be a definite correlation between the direction of the drain- 
“ as related to the ice sheet, and the regional development of ice-pushed 
de s This relation may thus well he responsible for the presence or absence 


if these structures over extensively glaciated plains. 
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comprehensive treatment. As with his previous books, the author has here 
approached the subject in as elementary a way as is consistent with the de- 
mands of the subject matter. The mathematical treatment of the porperties of 
interatomic vectors is extended and self-contained, and requires no particularly 
specialized prior knowledge on the part of the reader, For the application of 
the interatomic-vector function, i.e. the Patterson function, to the solution of 
crystal structures some general knowledge of crystallography is presumed, In 
particular, it is necessary to have a working knowledge of the symmetry prop- 
erties of crystals. 

Approximately the first two-thirds of the book is devoted to an exposition 
of the theory of the Patterson function in its original and modified forms, the 
use of symmetry considerations in vector space, and to many examples of 
structures solved by the Patterson method, Among the topics treated are spe- 
cial kinds of Patterson functions, such as generalized Patterson projections and 
weighted Patterson projections. the theory of homometric sets and structures, 
Harker sections, and the implication and symmetry-in-vector-space develop- 
ments due to the author, In the third portion of the book attention is turned to 
the theory and methods for recovering the electron-density function from the 
Patterson function in two or three dimensions, This is a recent development of 
immense practical importance, and one to which the author himself has made 
many important contributions, This section contains many illustrative examples 
of original crystal-structure determinations carried out by the author and his 
students. 

The entire book is characterized by many excellent drawings, detailed 
tables, extensive bibliographies, and a comprehensive index, A very welcome 
feature of the book is the detailing of practical procedures for carrying out 
some of the operations involved in a crystal-structure determination. The physi- 
cal properties of the book are excellent in every respect. 

This book can be recommended without qualification, It will be equally 
useful as a textbook for the student and as a working reference volume on the 

=k (or drafting-table) of the more experienced crystallographer, Professor 
Buerger is to be congratulated on his achievement, and to be thanked for 
haring with us his comprehensive knowledge and broad experience in this 
held Cc. L, CHRIST 


Dendritic Crystallization; by D. D. SARATOVKIN (translated from the 
second Russian edition by J. E. S. Bradley). P. 126: 88 figs. New York, 
1959 (Consultants Bureau, Inc., $6.00).—This interesting and largely descrip- 
ve book is “directed to metal-working engineers, and may be of use to col- 
lege students.” It contains few ideas that will be new to the research worker 
in metallurgy or crystallography, but the novelty and quality of the presenta- 
tion will make it a useful evening’s reading even for these advanced workers; 
it should be a useful outline of important ideas for intensive reading by the 


student or practical engineer, though such persons should be warned to keep 
in mind the limited field of interest stated in the title. 


The book reviews the state of prior knowledge in some detail from the 
Russian point of view (Russian references in the bibliography outnumber 


Rei 


m ones 103 to 24). The emphasis is strongly slanted toward the work of 
Russian crystallographers and metallurgists, particularly D. K. Chernov 
whose works appeared between 1860 and 1885, The author's views and theo- 
ries about dendritic crystal growth are supported by excellent photomicro- 
graphs, many of them stereoscopic and usable without special lenses, prisms. 
viewers. There is no attempt to separate clearly or explicitly the author's 
ontributions to theory from those of previous workers. Dendritic, feathered. 
ind skeletal crystals are distinguished and figured; “antiskeletal,” or spiral 
th patterns are noted | fly: some good experimental work with am 
monium chloride and othe ts is described and beautifully illustrated: 
eutectic solutions and melts, and the related contact-fusion phenomena are 
des : and a brief section relates these concepts to practical problems of 
the steel foundry. In the final section, ¢ hernov’s work is again praised, and 
the conclusion is emphasized that the new experimental data are compatible 
with the old hypothesis that dendritic crystal growth must be due to impurities 
“which always occur.” Although such impurities should be detectable by 
modern te hniques, they do not seem to have been sought for explic itly, This 
work should interest many readers: it is recommended mainly for the careful 
descriptive detail of the experimental work. 
An appreciation is due the translator for his work in rendering this book 
‘ar, readable English. For some purposes it would be better to include 
original Russian title-page, and perhaps also original spellings in Cyrilli 
+ for authors and titles of works cited in the bibliography. 
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Lower Tertiary B ostratigraphy of the California Coast Ranges: by V. 

STanpIsH Ma.tory. P. viii 116; 7 figs., 42 plates, 19 tables, Tulsa, 1959 

American Associatio1 I ttroleum Geologists, $12.00). This comprehensive 

review provides ¢ the occurrence and stratigraphic distribution of fora 

minifera in the Paleocene ar ocene deposits of California, with illustrations 

many forms scriptions of a number of new species. It also seeks to 
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Unlike the late y stages used by micropaleontologists in the 
Pacific Coast Province, which differ appreciably in scope and limits from the 


time-sti itigraphic units used by students of larger invertebrates, these stages 


proposed by Mallory appear to correspond almost exactly with the generally 
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used “megafossil” stages of the Paleocene and Eocene. Although he points out 
difficulties of correlation with these units, owing to the general absence of 
foraminifera in the near-shore sandstones in which molluscan faunas occur, 
and vice versa, no definite example of non-parallel application of the two termi- 
nologies can be found in the book. The foraminiferal zones are extremely use- 
ful for subdividing shale sections; frequently several zones occur within a thin 
shale unit, as in the Lodo formation on Media Agua Creek. But the value of 
the new stage terms is not apparent, and the introduction of a parallel set of 
names to those used by other paleontologists and stratigraphers can only serve 
to make an already exceedingly complex terminology still more confusing. 

Unfortunately Mr. Mallory’s attempt to set up a rigid standard section has 
its shortcomings. No type localities are mentioned for the two zones of the 
Penutian Stage, and only by inference are the types of the succeeding two 
zones of the Ulatisian in the Vacaville Shales of Solano County; the remainder 
are defined on the basis of the “standard” sections. For reasons which are un- 
clear to this reviewer, the “stages” are defined. not on the basis of the “stand- 
ard” sections but from a variety of localities. The Ynezian and Bulitian are 
hased upon parts of the Anita Shale of Arroyo el Bulito near Santa Barbara, 
where the same zones recognized in the “standard” section are well developed. 
The Penutian Stage is stated to have its locality on Media Agua Creek in Kern 
Co., but “the type includes the 20 feet of olive to greenish gray siltstone and 
shale whose lower portion constituted the type of the Bulitian Stage...” (p. 
$4) which was stated on p. 30 to be “120 feet of olive green mudstone and 
siltstone of the Anita formation” in Arroyo el Bulito. The Ulatisian stage is 
described from Solano County, and only the highest stage, the Narizian, is 
established on rocks of the “standard” section. 

Careless omission of words, indefinite antecedants. and barbarisms such 
as “unmegafossiliferous” tend to distract the reader and obscure the author’s 
ideas. This is regrettable, for the basic content of the volume, its range charts, 
systematic list, and illustrations, form a valuable tool for stratigraphers and 


students of foraminifera. 
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Basic Data of Plasma Physics; by SANrorp C. Brown, P. vii+ 336; 339 figs. 
New York, 1959 (John Wiley & Sons. Inc., $6.50) .—Before the Second World 
War the subject of gas discharges was in the doldrums, uninteresting, out of 
the way of spectacular physical researches and noticed only by a few devotees. 


The practical exigencies of the war with its development of radar changed the 


attitudes of physicists, and largely because of the inspired and painstaking 
work of the author of this book, the field of discharges became rich, fascinating 
and full of promise for attainment of further fundamental knowledge. 

In this small volume Brown has collated the primary data which he and 


others have gathered. Collison cross sections of various sorts for electrons and 


ions, coeflicients pertaining to ionization, primary and secondary emission of 
electrons are presented, mostly in graphical or tabular form, Facts having to 
do with microwave discharges receive special and authoritative attention, The 
small size of the book and the author's inclination limit the treatment of theo- 


matters to all but the very s mplest versions; particle mechanics rathet 


kinetic theory ind statistical mec hamic 5 form the basis of nearly all e€X- 
planations, distribution functions heing rarely introduced. While this feature 
f the book for the theorist, it provides a unity of 


nception as well as pedagogical advantages for the novice which give the 
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Science of Biology: by Paul B. Weisz. New York, 1959 (McGraw-Hill Book Co., 
$7.95) 

Midges of the Genus Culicoides from Panama (Diptera: Heleidae) ; by Willis W. 
Wirth and Franklin S, Blanton, Washington, D, C., 1959 (Smithsonian Institution). 
eding Field Crops; by John Milton Poehlman. New York, 1959 (Henry Holt and Co., 
Y>5) 

Organism and Milieu: edited by Dorothea Rudnick, New York, 1959 (The Ronald 
Press Co.. $8.00). 

Elements of Chordate Anatomy; by Charles K. Weichert. New York City, 1959 (The 
McGraw-Hill Book Company, $6.75). 

Manual of Comparative Anatomy; by Bruce M. Harrison, St. Louis, Missouri, 1959 (C. V. 
Mosby Company, $3.95) 

Albert Einstein; by Paul Arthur Schlipp. New York, 1959 (Harper Torchbooks, $1.95). 

Experimental Nuclear Physics, Vol. IIL; by E. Segre. New York, 1959 (John Wiley and 
Sons, Inc., $23.00). 

Geology of the La Venta Badlands, Columbia, South America; by Robert W. Fields. 
Berkeley, 1959 (University of California Press, $1.00). 

Prin iples of Geology, 2nd ed.: by James Gilluly, Aaron ( * Wat rs, and A, 0. Woodford. 
San Francisco, 1959 (W. H, Freeman and Co., $7.50). 
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B. Gurney and A. R, Brooks, Washington, D, C., 1959 (Smithsonian Institution). 
Guided Tour Through Space and Time; by Eva Fenyo. New York, 1959 (Prentice-Hall, 

$3.50). 
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617, $4.25 paper bound). 
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Wiley and Sons, Inc., $9.25). 

Impulse-Voltage Testing; by W. G. Hawley. London, 1959 (Chapman and Hall, 32 s) 
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(Witwatersrand University Press, f 2). 
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1959 (Gauthier-Villars, $6.53). 

Avian Embryo: by Alexis Romanoff. New York, 1959 (The Macmillan Co... $35.00). 
ot New Zi iland: by Ferdinand yon Hochstett r ttrans ated by { a Fleming). 
1959 (Government Printer, 60 -) 


Modern Society. Seattle. niver of Washington Press, 
s, 1959 (Armand Cohn, 

. New York, 1959 (John Wiley 

New York, 1959 (Philosophical Library, 

1959 (John Wiley and Sons, 

edited by P, | wk, 1959 (Cambridge University 


Ivory Tower. The Autobiography of chard B, Goldschmidt, Seattl 
1959 (Universitv of W ishington Press. $5.75). 
ches and Coasts: by Cuchlaine \ M. King. New Yo k, 1959 (St. Martin's Press, 
$14.50) 
cine and Society in America 1660-1860; by chard Marrison Shryock, New York, 
1959 (New York University Press. $4.00). 
nee and the Humanities; by Frederick Burkhardt, Yellow Spring, Ohio, 1959 (The 
Antioch P ess, 50 cents) 


M ind Learnir 
S5.00) 

Precis de Geéographie | 
Ln) | 

Klements of Carto ipl 
ind Sor Inc.. $8.7 

Nuclear Powe Plant | 
00) 

Subsurface 
Inec., $5.75 

Darwin's Biological Wo 
Press 

In 

B 

Mi 

S 


ons Recently Received 


959 (National Aeronautics and Space Ad 


nbar. New York, 1960 (John Wiley and Sons, 


1 the 16th and 17th Centuries, Volum 


chbooks, $1.95). 


by William C, Dampier and Ma 


S150) 


ck Waismann. New York, 1959 (Hary 


New York, 1959 (Harp 
nd Hans He n New Yi 


1959 (Pageant Press, $2.50) 


{ Lusar. New York, 1959 (PI 
(} 


1959 


1959 


York, 1959 (Faweett 


New York, 1960 (John Wiley 


ong New York, 1959 (Phil 
1 Ua H h | and N. E, Steenros 


iw 


I 


st ’ 1 J 1 George S. Hammond 
H 

il Equilib it Li é 1 Pressure; by Robert M. ¢ 
960 (Harne ) 


rarrels, New York, 
Weller. New York, 


1960) (Har: 
York, 1959 (John W 


1960 (Dover Publ 


ew York. 1960 (Dover 


. 1960 (Dover Publications. Inc 
Houston New York, 1960 (Dover 


rtin Johnson, New York, 1960 


k, 1960 (Dover Publications, Inc., $2.45) 


Eddington, New York, 1960 (Dov: 


Pu 
\ Dictionary. W D, C., 
| $7.9 
Il; by A. Wolf, New York, 1959 (Harper Tor 
New 1955 Torch book 
| ks. $1.40 
| i \ lo 
Ss N 
) \ f A | | Oso 
y. $6.04 
M sof N \. Northrop, Albuquerque 
vy of New Mex $ 
S il Book om. \ W. Pond and W im H, A \ 
York, 1959 (D. \ \ $ 
is ( kN. nad. ipel H 59 I \ 
( 
O R \ \ , \ New York, 1959 (Jo Wiley 
| 
ition y V. F.] 59 (1 ersity of Califo i Press, $1 
M \ I kK WLG ind Daniel J. Brennan, Tu 
] t | \l Sey ir L. Hess. New York, 1959 (H \ 
H 
P im G K. les. New York, Wiley 
I ted | und, N 
y 
O New York, 1959 
iM Stafford Beer, N an 
e450 
M 3 York, j cation $1.50) 
Theory of H M Planck, Nf licatio 
| 
Astronomy of Stellar Energy and D 
y of Opt yr New \0) 
Internal Const 


OPTICAL CRYSTALLOGRAPHY, Third Edition 


With Particular Reference to the Use and Theory 
of the Polarizing Microsco 

By ERNEST E. WAHLSTROM, University of Colorado, This 
book functions as an introduction to the subject, or as a review of the 
basic principles of optical ee theory. The use of the 
larizing microscope in the study of crystals and fragments in visible, 
transmitted light is given special consideration. The author avoids the 
mathematical approach, choosing to illustrate the space relationships 
with a profusion of two-dimensional and three-dimensional drawings 
that convey a pictorial understanding. 

The Third Edition has been made more modern and effective by 
a completely rewritten text, a new chapter on crystal rotation methods, 
and 100 new and improved illustrations. Since many minerals and 
chemical compounds are identified by optical methods, this book is an 
invaluable aid to geologists, mineralogists, chemists, and ceramists. 

1960. 356 pages. $8.50. 


MICROSCOPIC SEDIMENTARY PETROGRAPHY 
By ALBERT V. CAROZZI, University of Illinois. Presents 
“ideal” descriptions of sedimentary rock-types, which summarize both 
the most common appearances of a given rock-type and those varia- 
tions which have broad significance. They have been worked out 
through the combination and integration of as many particular descrip- 
tions of rock-types as the author was able to find in both the American 
and European literature. Includes wt Pte lists of bibliographical 
references, which make the book a valuable working tool. 
1960. 485 pages. $11.50. 


CRYSTAL-STRUCTURE ANALYSIS 
By MARTIN J. BUERGER, M.1.T. Designed for the reader who 
has no background in the subject, this book covers the entire field of 
crystal-structure analysis, i.e., the process of discovering the arrange- 
ment of atoms in crystals. It offers theoretical and practical discussion 
of all the available analytical procedures—and it sets forth the proper 
methods for the selection of material, the gathering and correction of 
data in a clear, step-by-step presentation. 
Ready in May. Approx.664 pages. Prob. $16.00 


Send for your examination copies. 


JOHN WILEY & SONS, Inc. 
440 Park Avenue South New York 16, N.Y. 
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